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FLIGHT SAFETY STUDIES PHASE |

1.0 INTRODUCTION

Considerations of the safety aspects of concucting orbital missions with
a nuclear rocket are presented in WANL-TNR-052. These considerations include various
aspects of reactor destruct, problems of determining required data on fission product
release from NERVA fuel material, and the burnup of the reactor upon re-entry. This
report comprises three (3) topica! reports. A brief abstract of each of these topical reports
is given in the following paragraphs.

2.0 WANL-TNR-038, TRANSIENT REACTOR EXPERIMENTS ON NERVA FUEL MATERIAL

Consideraticns of the safety aspects of orbital missions with a nuclear rocket
indicates that an effective way to minimize hazards related to the possibility of an intact
reactor falling on land is to destroy the reactor while in flight. This report is concerned
with an experimental program to determine the feasibility of using a reactor transient to
destroy the core of a nuclear rocket. In addition to this primary objective, the transient
experiments provide information on the nature of the shutdown mechanism, a determination
of fission product release during controlled reactor transients, and a study of reactions
between NERVA fuel and water during a reactor transient.

3.0 WANL-TNR-039, RE-ENTRY AND BURNUP OF REACTOR FRAGMENTS

If the reactor in orbit is broken into fragments prior to re-entry, it might
be expected that aerodynamic hecting would result in burnup of the resulting fragments
thereby reducing the hozard to the general population. This report presents both a

theoretical approach and experimental approach designed to establish the amount of
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particle burnup which can be expected during re-entry This information will be obtained
for various size particles and will te combined with data being obtained on allowable
po-ticle sizes reaching the ea-th and reactor destruct capabiiities to establish a c:iteria
for orbital or nea- orbital core disposal

4 0 WANL-TNR-040, SURVEY OF F1SSION PRODUCT RELEASE FROM NERVA FUEL

MATERHAL
One of the major scurces of concern in regard to the eventual use of
nuciea- rockets 15 selated to the fission product activity of the reactor core afte- operation
of the reactor. The primary purpose of this report is to consider the problem of fission
product elease from an intact core during a decay heat cycle 1n particula-. ir describes
the results of a literature review of fission product release from fueled g-aphite and con-

siders the problem of an experimental pregram which would provide fission product release

data required in several phases of the NERVA progiam
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TRANSIENT REACTOR EXPERIMENTS ON NERVA FUEL MATERIAL

1.0 INTRODUCTION

Consideration of the safety aspects of conducting orbital missions with a nuclear
rocket indicates that one effective way to minimize hazards related to the possibility of
an intact reactor falling on land is to physically destroy the reactor while still in flight.
Various methods of reactor destruct have been considered. These involve the use of
high explosives, thermochemical techniques, aerodynemic heating, oxidation, ablation,
chemical additives, and reactor transients. Each of the reactor destruct methods has
been examined theoretically and several experimental programs are underway to determine
their feasibility. This report is concerned with an experimental progrom to determine
the feasibility of using a reactor transient to destroy the core of a nuclear rocket. In addi-
tion to this primary objective, the transient experiments will also provide:

a. Information on the nature of the shutdown mechanism which will form
the basis for estimating the maximum credible incident in the NERVA
core,

b. A determination of fission product release during controlled reactor
transients.

c. A study of reactions between the NERVA fuel and water during a reactor
transient occurring as a result of an intact reactor falling into water.

The experimental approach involved irradiation of encayp::lated sections of NERVA
fuel in the TREAT (Transient Reactor Test Facility) reactor. A biief description of the

TREAT Reoctor Facility is given in a later section of this report, The samples of NERVA
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fuel material can be ~ontained in instrumented capsules in various environments including
helium, vacuum and waier. The experiments in vacuum will mock up the conditions to
be encountered in outer space; those in helium will mock up the environmentai conditions
associated with transients occurring on the launch pad. * Finally, as mentioned pre-
viously, the water will mock up a traasient occurring as a result of an intact reactor fall-
ing into water.

Studies of the behavior of the fuel material are planned as a function of the inte-
grafed power of the transient. That level of integrated power which initiates fragmenta-
tion of the fuel will be of particular interest. In the case of the transient experiments
in water, consideration must also be given to fuel-water reactions which may give rise

to partial destruction of the fuel material prior to complete fragmentation.

2.0 EXPERIMENTAL TECHNIQUE

The transient experiments were carried out in the TREAT reactor which isa
homogeneous graphite-moderated reactor located at the National Reactor Testing Station
in ldaho. This facility is designed to produce large transient thermal fluxes of short
duration, At an integrated power of 1000 megawatt-seconds (MWS), the maximum inte-
grated neution flux of approximately 2 x 1015 can be produced in the order of 40 milli-
seconds. The carbon-to-uranium ratio of the TREAT fuel is approximately 10,000 to 1.
fn o 1000 MWS transient, the change in fuel temperature is of the order of 200°C, The

carbon-to-uranium ratio for the NERVA fuel (KIWI B-4 containing 400 milligrams of

*It is assumed here that the reactor system will be flushed with an inert atmosphere
while on the launch pad.
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"fully enriched uranium per cubic centimeter) is approximately 10G to 1, and the maximum
temperature attainable is above the sublimation temperoture of graphite (~-3350°C).
The irradiation copsules and dummy fuel element assemblies used in this program
were provided by the Chemical Engineering Division of the Argonne Nationa! Laboratory

(ANL) and are described elsewhere.l Figure 1 shows a drawing of the capsule and the

graphite assembly containing a section of the KIWI B-4 element. The fuel sample was
a half-inch diameter by three-quarter inch long, 7~hole section of the KIiWI B-4 element,
This fuel section was used in place of the full 19-hole hexagonal element (3/4-inch

across “he flats) because of space limitations. Figure 2 is a photograph of the autoclave

capsule and several of the components, Table | presents o summary of the instrumentation

used, the reactor conditicns, and results obtained for the first series of TREAT experiments.

The first experiment CEN-73 was designed to permit calibration of the temperature
of the fuel specimen and stainless steel capsule as a function of the integrated power of
the transient. The fuel temperature was measured by a sixteenth-inch diameter thermo-
couple made up with 10-mil tungsten~7% rhenium versus tungsten-26% rhenium with
beryllia insulotion and @ 4-mil tantalum sheath. The thermocouple was positioned in a
peripheral hole of the 7-hole fuel specimen with a graphite plug which centered the
thermocouple axially and partially covered the ends of the sheath. The capsule wall
temperature was measured by a bare chromel-alumel (20 mil) thermocouple contained in an
alundum tube. The chromel-alumel thermocouple was positioned in a groove in the cuter
graphite crucible which can be seen in Figure 2. Figure 3 shows a schematic diogram of
the thermocouple circuit.

The calibration experiment involved successive temperature=limited transients
of approximately 50, 100, 200, 250, 375 and 550 megawatt-seconds. It was
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TABLE |

SUMMARY OF RESULTS OF FIRST SERIES OF TREAT EXPERUAENTS®

Reactoc Conditions Copwile Conditions Inssumentationd
Chonge in  Maxisum Moximum Wall
integroted Reactor Reactor  Tempercture Fuel Prassure Riss  Temperature
Experiment Tronsient Power Period Fork Powar  of Reactor® Tempevatre  in Copwle Rise
Number  Number MWS Milliseconds Mego ~atts °C oC __piC °C Thesmoccuples
CEN-73 358 53 152 174 27 510 40 4 W-7Rh vz, W-26Rh
359 108 152 265 51 940 35 5 in To sheath with
360 195 152 264 8¢ 1470 35 17 820 ceromic
3bi 236 78 1065 [} 1600 90 20 Chiomel-Alumel
362 3 77 1097 148 2040 12 <] (bore) in clundum
383 546 54 2390 208 2750 222 48 tubing
CEN-74 b4 3856 54 2440 155 . f 45 Chromel-Alumel
in siginless steel
sheath
Chrome!-Alumel
{bora) in olundum
tubing
CEN-77 355 645 40 3820 240 ° 110 20 Same as CEN-74
CEN-75 346 885 40 3850 308 e 120 100 2 Chromel-Alume!
(bore} in olundum
tubing
? Fuel sample size 0.5 inch diometer, D.75 inch long, 7 holes sach 0.095 inch diometer, weight 3. 75 grams.
b

~
Initiol reactor temperature ~ 20 C

0

A major portion cf the iadicated pressure increass is probably due to a spurious irradiation effect on unbonded shain gouge tronsdu-ers.

-5

Tronsducers were cotoined from Consolidoted Electrodynomics Corp., with prassure range 0-1000 psi.
€ Not mecsured.

f No relioble pressure doka.

pOERRNRA L
syl "
el ) Ty 6




T S N

o ——

J P

-

3 - - "’—‘-—
[ _ K & 9 - 2 @}j
P TRICTED DA TS stronuclear
T TR § I 'm
REFERENGE JUNCTION SILVERFLEX WOVEN  ~—ALUNDUM ROD
BOX 150°F GLASS INSULATION
COPPER CHROMEL—  CONAX CHRCMEL—
’ ALUMEL—- ALUMEL— s }-
: A Y N
’ . ==
= — e
o o=t ,
: K _/ Y/ ™~
--COPPER — ALUNDUM ROD—  WELDS-|;
——COPPER —TANTALUM SHEATH \\
/
/:
’// \
/-TUNGSTEN 7% RHENIUM GRAPHITE PLUG

GRALELDEMTAR
RS AIEDDAe TR

Atomic Enar~- 55—

— TUNGSTEN 26 % RHENIUM

Figure 3

Calibration Run (CEN-73) of First Series of
TREAT Experiments

PARTIALLY COVERING
END OF SHEATH

570A630
Schematic Diagram of Thermocouple Circuitry for

- ———



MEFRITESY S

CWW& |
REJIRIG T EL ”MA Amonuclear
Al "

—

anticipated that rhe J: ta obtained in these experiments would permit an estimate of the
fuel temperaturz attc ‘ned during the higher ievel transients above 2500°C when tempera-
ture measurement tec-niques are limited. The tungsten-rhenium thermocouple is no’
reliable much above 7500°C. In addition, the gradual approach to the high tempera-
tures planned for the bsequent transient experiments permitted verification of a safety
analysis of the axperiment which predicted that no damaging pressure or temperature
buildups would ¢ccur in the irradiation capsule.

In the three experiments which followed CEN=73 relatively high level inte-
grated power leve's were used. The purpose of this series of experiments was to determine
if physical disintegration of the graphite fuel occurred as a consequence of the reactor
transient. Observc tiens made following the transient experiments included radiochemical
studies to determine fissicn produr release and particle size analysis of the irradiated

fuel.

3.0 RESULTS OF THE FIRST SERIES OF TRANSIENT EXPERIMENTS

Table I, mentioned previously, presents a summary of the measured integrated
power levels, temperatures, and pressures recorded during the individual transient
experiments. Results obtained in the calibration experiments are shown in Figure 4 where
the calculated adiabutic temperatures and the actual measured temperatures of the fuel are
plotted as a fur-..on of integrated porer level. The adiabatic fuel temperature was
calculated using integrated neutron flux data obtained in previous ANL transient ex~

periments, * The rata in {igure 4 inaicates that the fuel snecimen is heated ir an

*The actuyi valies of integrated neutron flux for the present experiment wers approxi=

mately .0 pur cent higher than used in the original calculation of adiabatic fuel
tempuraiv-e. Further discussion of this point will be precented later in this section.
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TABLE Il MAXIMUM HEATING AND COOLING
RATES FOR CALIBRATION EXPERIMENT
Time To Attain
Integrated Maximum Maximum Maximum Maximum
Power Period Fuel Temperature Heating Rate Cooling Rate
Transient  MWS  Milliseconds Temperature  Seconds*® °C/sec 0C/sec
358 53 152 510 4.8 550 30
359 108 152 940 4.5 1150 80
360 195 152 1470 4,2 1800 140
361 236 76 1600 3.1 2200 150
362 373 77 2040 3.4 2500 280
363 546 54 2750 1.6 8500 290

*Measured from initiation of transient.
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bulbs. Absolute gamma counting of the gas samples with a sodium iodide crystal detector
showed the-presence of xenon 133 as the main isotope; with about 1 per cent of the total
activity coming from iodine 131. By integrating under the 80 kilovolt gamma peak of
xenon 133 the results shown in Table Ill were obtained. The amount of xenon 133 was
corrected back to the time of the irradiation on the basis of a 5.27 day half-life.

The autoclaves were then dismantled and photographs were made of the fuel and
of the graphite crucibles. These are shown in Figures 8 through 16, It is evident that
the transients were energetic enough to caus: destruction of the original cylindrical
fuel element. Additional observations on the fragmented fuel are described in Table 1V.

Sieve-screen analysis was made of the fragments and particles formed in the
transient experiments. The mean diameter of the particles produced by the destructive

transients were computed from the relationship:

1
v E‘-_ Wi
. d.
i=1 i
where dsv = mean surface to volume diameter
di = average diameter of the ith size group
Wi = fra:tion by weight of particles in the ith group
iN = summation over N size groups

i=1
Numerical values for W, and d, are shown as the ordinate and abscissa respectively

of the histograms for the particle size distribution shown in Figure 17, Results of these

measurements and calculations are shown in Table V,

S RUEE R el ddenn 15
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TABLE 11 RESULTS OF RADIOCHEMICAL ANALYSES OF

GAS PHASE IN IRRADIATION CAPSULE

Integrated Microcuries of
Transient Power Xe-133 in Gas Phase
Run No. MWS of Autoclave*
CEN-72 Calibration Run 4700
CEN-74 284 1400
CEN-75 645 2100
CEN-76 885 2300
*Uncertainty of + 40 per cent.
e —- - -
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Figure 10

m Graphite Fuel Specimen after Transient CEN-74 3
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Graphite Fuel Spacimen after Transient CEN-73
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c Figure 16
R Graphite Crucibles and Plug after Transient
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Transient

Run No.

CEN-73

CEN-74

CEN-75

CEN-76
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TABLE IV CBSERVATIONS ON IRRADIATED FUEL MATERIAL

Integrated
Power

MWS

Calibration Run

\ég

645

885

" ) ) '.A'

m.—z::.:
Ato gigclmmmgrpedesimmtitiofe.

QObservations of Fuel Material

The graphite fuel material was completely frag-
mented. Most segments were under an eighth
inch maximum dimension with some fragments
coarser than this size. The tungsten-tungsten/
rhenium thermocouple reacted with the beryllia
sheath as expected from the anomalous thermo-
couple readings taken during the last calibra-
tion run,

The graphite fuel was fragmented as in the pre-
vious experiment. Preliminary examiration
indicated that the approximate size range was
simitar to that in CEN-73. In addition, some
graphite powder was found at the bottom of the
autoclave. The source of this graphite powder
is not known af the present time.

The graphite fuel was completely fragmented
and appeared to be finer in size than either
CEN-73 or 74, There were some indications
that the fuel might be somewhat spongy. |t
was noted that the fuel coated on the graphite
plug which held the fuel sample in place.
Graphite powder was also found on the bottom
of this autoclave.

As in previous experiments, the fuel was com-
pletely fragment ' with the particle size finer
than CEN-75. The fuel coated the plug to a
greater extent than in CEN-75, Low power
microscopic examination revecied some evidence
for fused material. It is possible that this may
be agglomerated UC2.
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TABLE V' RESULTS OF PARTICLE SIZE MEASUREMENTS
ON FRAGMENTED FUEL

. U A W

LEFTR e W,

R

Integrated Average

Transient Power Farticle
Run No. MWS Size
CEN-73 Several Transients 62.4
CEN-74 386 31.7
CEN-75 645 23.3
CEN-76 88~ 22.0
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By comparing the data on mean diameters with the integrated power of the reactor

~

pulse, it is evident that there is a trend towards smaller particles as the burst becomes more
energetic. It is postulated that the relatively large value of the average particle size
(62. 4 mils) for CEN-73 is caused by fragmentation of the fuel at one of the lower energy

bursts and that the additional more energetic transients cause only negligible changes in
geometry. Figure 18 shows a plot of the average particle size versus integrated power of

the transients. The particle size data is consistent with the interpretation that the fragmen-
tation occurred in the vicinity of 200 MWS, at which energy the experimental curve shown
in Figure 4 departed from the calculated curve for adiabatic heating. Since the original
fuel cylinder had c diameter of 0.5 inch, it is apparent that the s;ecific surface area of the
: fuel has increased by a factor of about 25 as a result of the fragmentation during transients
j CEN-75 and 76.

Results of radiochemical analysis of the fragmented fuel and flux moniror foils are
presented in Table VI. The differences in .ne results obtained from the fuel and flux
monitor foils can be accounted for in the following manner; the results obtained on the

foils must be corrected for the flux depression through the stainless steel capsule and
through the fuel sample. The fiux depression through the capsule is approximately 20 per
cent whereas ir the fuel it is between 15 c.id 20 per cent. A total correction of about

i 35 per cent brings the results in close agreement. The experimental data were then used

PPN

to calculate the total heat input and the integrated neutron flux. The present results
indicate that the integrated flux is approximately 50 per cent higher than obtained in
similar ANL experiments on metal fuel samples. The difference in integroted flux is re-

lated to the presence of graphite in and around the capsule in the present experiments

[

and to the use of zircalloy-2 rather than stainless steel dummy fuel elements. Figures
19 and 20 show the flux and calculated adiabatic fuel temperature for the ANL data and

- for the present data,
CONPIDENTAY -
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TABLE Vi RESULTS OF RADIOCHEMICAL ANALYSIS OF RAG-
MENTZD FUEL AND URANIUM FLUX *AONITORS

Fissions per Milligram

FUB i0712

Ratio of
Integrated Flux Monitor Fraction of
Somple Dose Dato to Activity Lost
Number MWS Fuel* Flux Moniter** Fuel Dota from Sample
74 386 0.98 1.27 1.30 0.33
75 645 1.74 2.38 1.37 0.58
76 887 2.35 3.33 1.42 0.51%**

e - . 99 - - 1

* Radiochemical analysis of Mo” " in fragmented fuel motericl. Results reported
by LASL with probable error of + 5%,

. . . . .95, - oo : .

§ Radiochemical analysis of Zr"~ in uranium flux monitor fuels located on outside
surface of stainless steel irradiation capsule. Results obtained by ANL with
probable error of + 5%.

*x®

Value probakly too low because portion cf sample which collected on centering
plug was not included in analysis.
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Figure 21 shows the fraction of total activity produced in particles of a given size
range. A comparison of this data with the particle size histograms presented previously
in Figure 17 shows that there is a greater loss of activity in the larger size particles
than in the smaliler size particles. This is shown in Figure 22 where the activity re-
maining, "AR" value, for particies of a given size is plotted as a function of the
average particle size of a partizle size group. The "AR" value for a particular size
group is given by:

Activity in Particles/Total Activity Produced
Weigni of Particles/Total Weight of Perticles

IIARII

This result is somewhat unexpected since, at first thought, it would be anticipated that
the fission product release would be greater for the small size particles than the large
size particles. However, the observation may be expiained when one considers rhat the
larger parricles coo! at a slower rate than the smaller particies. The slower cooling rate
of the large particles may account for the greater fission product release,

4.0 DiSCUSSION OF RESULTS

The most significant results of the first series of fransient experiments on uncoated
(off-the-shelf) KIW! B-4 fuel material was the tragmentation of the fuel samples in all
cases. Of particular interest is the determination of the integrated power which caused
the initiation of fracture. Examination of the available data indicates that fragmenta-
tion occurs at an integrated power leve! of akout 200 MWS or a maximum fuel tempera-
ture of about 1500°C. The indirect evidence which supports this view is as follows:

a. Examination of Figure 20, the maximum fuel temperature versus

integrated power, shows that the deviation of the actual

34
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experimental data from the calculated curves for adiabatic heating
occurs in the vicinity of 200 MW3. This result is consistent with
fragmentation occurring at this integrated power level since departure
from adiabatic heating would be enhanced by an increase in the sur~
face area of the fuel as a result of fragmentation.

Examination of the time~temperature histories (Figure 7) obtained in
the calibration series reveals some irregularity in temperature in the
transient at 195 MWS. The tentative assumption is that the irregu-
larity may be related to the fragmentation of the fuel during this
poriion of the transient. The data on heating and cooling rates given
in Table I, however, do not reveal any clear-cut evidence for
fragmentation of the fuel in the vicinity of 200 MWS.

Consideration of Figure 18, plot of the average particle size of the
fragmented fuel versus integrated power, shows that the dota obtained
in the calibraticn experiment are consistent with similar data obtained
in the other transient experiments when the fragmentation is considered

to occur at approximately 200 MWS,

Prior to on examination of the possible mechanisms for fragmentation of fueled

graphite by a nuclear transient, it is important to consider the characteristics of the fuel

material itself. The experiments described were performed on uncoated off-the-shelf

sections of KIWI B-4 fuel elements. The fabricated fuel consists of a dispersion of UC

2

particles (5 microns in diameter ) in graphite. The uranium loading was 400 milligrams

per cubic centimeter. During subsequent exposure of this fuel to air, there is partial
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hydrolysis which gives rise to a considerable amount of U02 (estimated ot 20 per cent of
total UCZ) and associated hydrolysis products. Other forms of KIWI B-4 fuel which are

of interest include:

a. Completely carbided fuel: This is identical to off-the-shelf fuel

described above except that precautions have been taken to prevent
the hydrolysis reaction.

b. Cooted fuel:  This may be either off-the-shelf or completely car-
bided fuel which is completely coated with pyrolytic graphite or
coated with pyrolytic graphite on all surfaces except along the holes
where a niobium carbide cladding is used.

Future experiments already in progress will evaluate the stability of these latter two kinds
of fuel under fransient reactor irradiation.

Theoretical consideration of the possible mechanisms of fragmentation of fueled
graphite indicate that the following phenomena must be considered:

a. Thermal shock: A sudden rise in temperature of the fuel wili give rise
to anisotropic expansion and temperature gradients in the graphite
crystals which make up the buik of the fuel. The resulting local
stresses may give rise to internal cracking which can lead to fuel
fragmentation.

b. In off-the-shelf fuel material, an internal pressure buildup can occur
due to a reaction between UO2 and carbon to form either carbon
monoxide or carbon dioxide gas. The free energy for this reaction

becomes negative at about 1500°C. If the reaction proceeds ra idly
g P P
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| as compared to the ability of the generated gas to diffuse away from
the reaction interface then local pressures as high as 10,000 atmoz-
pheres could be generated. This internal pressure could cause
destruction of the fuel.

c. Another mechanism for internal pressure buildup in off-the~shelf fuel
is due to the decomposition of the hydrolysis products. This reaction
cannot be specified in detail since the nature of the products formed
in the hydrolysis reaction given by:

UC2 + HZO —-> UO2 + CxHyOz combinations

are unknown. However, decomposit'on of the various possible organic
materials <CxHyOz) can give rise to locally high pressures.

d. In completely carbided fuel material fragmentation may occur in the
following manner. Vaporization of carbon and expansion of entrapped
gas in the porous fuel material may give rise to internal pressures of
the order of 10-20 atmospheres which could result in fragmentation of
the graphite at temperatures in the vicinity of the sublimation tempera-
ture. Work reported by Malmstrom, Keen, and Green, 2 indicate that
the tensile strength of grephite decreases to about 100 psi at tempera-
tures in the vicinity of 3200°C. it is thus apparent that the pressures
of the order of 10-20 atmospheres may initiate fragmentation of fueled
graphite at temperatures of the order of the sublimation temperature,

i.e., 3350°C. The value of 3350°C for the sublimation temperature
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of graphite was obtained in recent work at National Carbon Company.

3

v

e. Destruction of completely carbided fuel might also occur by melting
which can occur at the triple point at approximately 3570°C and 100
c:tmospheres.3 Destruction of the fue! could occur as a result of the
rapid release of the entrapped gases within the fuel resulting in dis-
persion of the liquid rhase.

The explanation for the behavior of the off-the-shelf fuel material used in the present
series of experiments may be related to one or more of the first three mechanisms described
above. Fuither experimental evidence obtained by Los Alamos Scientific Laboratory
(LASL) on electrical heating of fueled and unfueled graphite indicated that the thermal
shock mechanism is probably not responsible for the obsered fragmenfafion.4 The LASL
experiments were performed by electrically heating a 15-inch length of 7-hole KIWI|
B-4 off-the-shelf fuel material by means of o 3.5 megawatt power supply while the
fuel was exposed to air. The results obtained are described in Table VII. The results
indicate that hydrolyzed fuel material fragments under transient electrical heating
whereas completely carbided material or non-fueled graphite will not fragment. Thus,
it is apparent that either the presence of UO2 or the hydrolysis products are responsible
for fragmentation of the fuel in the electrical heating experiments. Their results indi-
cate that thermal shock alone is not the cause of fragmentation in the nuclear transient
experiments and that the hydrolysis products may be intimately connected with the
fragmentation. Additional transient nuclear experiments on off-the~shelf fue! at
integrated power levels near 100-200 MWS are expecred to shed further light on this

guestion.
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. TABLE VIl RESULTS OF LASL ELECTRICAL HEATING EXPERIMENTS
Energy Given Sample
Sample to Sample Appearance ;
1. Lined and loaded off- 750 kilo~calories All elements burst into
the-shelf fuel elements in 1.5-2 seconds small pieces. At the
higher voltages some
arcing was observed. }
B 2. Freshly carbided elements 200 kilo~calories Elements did not burst
; but burned in two.
3. Loaded and lined fuel 130 kilo-calories All elements burst,
: elements that had been
‘1. reacted to oxide by being
, stored in a humidity cabi- .
) net
éf 4, Unloaded fuel elements Did not burst. .
: 5
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It should be noted that the fragmentation of fuel material at integrated power
levels of the order of 200 MWS places an upper limit on the startup transients which can
be used for the NERVA engine. For example, a 200 MWS transient in the TREAT reactor
corresponds to a 4600 MWS transient in the NERVA engine. This indica.cs that the
startup transients less than about 4500 MWS are necessary to prevent possible accidents
with fuel material which may have become hydiolyzed during storage prior to reactor
startup.

TREAT EXPERIMENTS

5.0 FUTURE WORK

The second and third series of transient experiments are in progress at this
time. The second series involves the irradiation of uncoated off-the~shelf sections of
KIWI B-4 fuel material in transients of thz order of 100-200 MWS to determine the
reactor energy required to initiate fragmentation. * The third series of experiments, in-
voiving five capsules, consists of the foilowing:

a. A temperature calibration will be made on an uncoated fully car-
bided KIWI B~4 fuel specimen in a helium atmosphere. The in~
strumentation in the capsule is designed to detect fregmentation
of the fuel during the transient.

*Preliminary results indicate that the two samples making up the second series of experi-
ments were pulsed at energies of 115 and 250 MWS. Cursory inspection of the fuel
material indicates that the specimen irradiated at 115 MWS was perfectly intact, whereas
the sample irradiated at 250 MWS showed some cracking at the upper edges of the
sample. Thus, it appears that fragmentation is initiated at about 250 MWS.
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b. An uncoated, fully carbided specimen will be subjected to a high
energy pulse that should give rise to disintegration of the sample as
incicated from the results of the previous test. As in the first test
in this third series, the sample will be a helium atmosphere.

c. This experiment is similar to the previcus one except that the sample
will be in vacuum.

d. This experiment is designed to permit defermination of the extent of
chemical reaction between water and off-the-shelf KIW| B~4
fuel material coated with pyrolytic graphite. As in the case of the
first experiment in this third series, tte instrumentation in the con-
tainer is designed to detect fragmentation of the sample.

e. Similar to experiment 4, except that a liigher energy transient will
be delivered to the sample.

Regarding the expec.ed behavior of the fully carbided material, the theoretical
anatysis of possible mechanisms of fragmentation described in the previous section should
be noted. The analysis indicated that fragmentation might be expected in the vicinity
of the suklimatio.. 'emperature (33500C) or as a result of melting (3570°C, 100 atmos-

es). From Figure 20 it can be seen that the integrated power required to achieve
these tempe: 1tures is greater than 400 MWS in the TREAT reactor. This ccrresponds to
approximately 10,000 MWS in the NERVA engine. Thus, the theoretical analysis
indicates that fragmentation of completely carbided fuel material may not be

a possible means of core desiruction. * However, chemical treatment of the carbided

*Preliminary evidence from the third series of TREAT tests indicates that the carbided
fuel material was intact after a 540 MWS transient.
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fuel, vrior to or during a nuclear transient may offer a means for destroying the core.
Various methods of chemically treating the carbided fuel are being considered.

Finally, a recent re-evaluation of the primary objectives of the transient reactor
experiments has led to the decision to design experiments to provide basic information
on:

a. The disintegration mechanism of off-the-shelf type and fully car-
bided fuel samples when subjected to high energy neutron induced

transients when the samples ore placed in vacuum, inert gas or

water,

b. The existence or non-existence of an explosive water reaction with
KIWI B-4 fuel.

c. The eifect of initial sample temperature on the breck up threshold

and particle size distribution of various forms of KiW}l B-4 fuel.
d. The safe KIWI startup conditions for fully carbided versus partially
carbided fuel material.
e. Determination of the equation of state for KIW| B-4 fueled graphite
under reactor transient conditions.
Long-range planning of experiments to accomplish these goals is presently underway. |t
is apparent that transieni reactor experiments will be extremely useful in providing a

better understanding of ihe behavior of the NERVA fuel material under a variety of

environmenta! conditions.
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The principal conclusion reached, based on the work completed, is
that uncoated sections of off-the~shelf KiWl B-4 fuel material will
fragment when pulsed with a nuciear transient cf the order of 200
MWS, ir the TREAT reactor. An equivalent pulse can be delivered
in the nuclear rocket by a i:ensient of the order of 5000 MWS.
Frugmentation initi. ed by the transient gives rise to the formation
of particles less than approximately 1/8 inch in diamefer.
Theoretical consideration of the mechanisms of fragmentation of
KiWl 8-4 fuel meterial indicates that the mos: probable mechanism
of fragmentation of the off-the-shelf fuel (partiatly hydrolyzed) is
due to internal pressure buildup from either reaction between U02
and carbon or the decomposition of the products of the hydrolysis
react on. Both the rasults of electric heating experimenits performed
at LASL and the present results obtained in the transient xoeriments
are consistent with the proposed mechanism.

Fission product release accompanying the fragmentation of the fuel
gives rise to loss in activity of from 50 to 60 per cent. The fission
preduct release is greater for the larger particles than the smaller
particles, presumably because of the slower cooling rate of the large
particles.

Transient reactor experiments offer a means of obtaining basic infor-

mation on behavior of NERVA fuel material relotive to: a) the use
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of a nuclear transient as a destruct device; b) reactions between
KIWI B-4 fuel and water; c) safe startup conditions for the reactor;
d) and the equation of state of fueled graphite. These items form the

basis for further work in this program,
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RE-ENTRY HEATING AND BURN-UP OF REACTOR FRAGMENTS

1.0 INTRODUCTION

A major objective of the NERVA flight safety program is to establish that re -entry

of the iocket ergine does rot intioduce a hazard to the general population. One method of

centrolling this problem is to break the core into small fragments and to rely on the aero-

dynamic heating at 1e-entry to reduce the particles to an acceptable size and level of

vadioactivity. One ciiterion for particle size which has been presented in the literature

{1 (2

is that the paiticles sizes should be 25 microns or less when they reach an altitude

of 160, 000 feet. Particles of this size would be widely dispersed in the atmosphere. This

c:itecia s based on conservative assumptions, and it is desirable to determine the largest

size particles which can be tolesated. Larger allowable particle sizes will reduce the

requirements on the explosive destruct system.

Calculations have been made which show that flight safety requirements zannot

be met if the integral core enters the atmosphere and is allowed to undergo u “passive"

re-entry, subject only to aerodynamic heating. Pieliminary considerations show that initial

paticle sizes of 1/32 to 1/64 inch at re-entry will result in particles which meet the 25 micron

criterion at 100, 000 feet. A modified ciiterion may allow diameters of particles which car be met

by a conventional destruct system.

Such a system could conceivably utilize the thermochem-

ical methods, nuclear excursions, explosives or integral additives to reduce the reactor to small

particles.

/i is the purpose of this study to establish the amount of particle burn-up which can

be expected during re-entry. This information will be obtained for various size particles and
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will be combined with data being obtained on allowable particle sizes reaching the earth
and reactor destruct capabilities to establish a criteria for orbital or near-orbital core dis-
pcsal.

Both a theoretical and experimental approach have been initiated to study this
problem.

The theoretical approach reported in Section 2 involves the incorporation of one

(3)

of the existing oxidation theories' " into a digital computer program. This program cal -
culates the fate of a re-entry particle based upon various initial velocities and angles

of re-entry. The analyses include the effects of aerodynamic heating, radiation from the
particle and decay heat from fission products. Previous investigations had not taken ail of
these features into account. The initial conditions which are used in analyses are those
believed to be realistic with respect to re~entry of the NERVA engine particles.

The experimental approach described in Section 3 is based upon using an arc plasma
wind tunnel in which specimens of graphite and fuel graphite are exposed to simulated re~
entry conditions. The re-entry conditions for the particle at a particular altitude and
velocity are simulated by proper adjustment of gas enthalpy and mass flow rate in the experi-
mental equipment. Mass losses due to oxidation are measured for various particle sizes at
various exposure times,

The results from the theoretical analysis and the experimental data are then compared
to determine the degiee of validity of the theory. If verified, the theory can be applied under
a variety of re-entry conditions to preduct the particle burn-up at various altitudes.

The first phase of the work hos dealt primarily with unfueled material (pure graphite).

This was chosen because the available theory only applied to this material. Once theory and
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expe'iment can be reconciled for pure grophite, modification of the theory to account for
the behavior of fueled graphite would be undeitaken.

The subseyuent phases of work will be primarily concerned with extension of
present techniques to the study of fueled materials, with some work being done to complete
the data on pure graphite. The final goal as noted previously is specification of the maxi=
mum particle size for the core destruct system.

20 ANALYTICAL PROGRAM

A~alysis has shown rthat theie will be insufficient heat generated by convective
aerodyramic heatirg during re-entry of a NERVA reactor to accompiish complete burn-up
before ground o wate: 'mpact. Consequently, on active or passive type of destruct system
is contemplated wheieby the integral reactor will be ‘educed to a large number of small
paticles at the time of re-entry. These particles will be sufficiently small to achieve
complete combustion o1 dispersion of the material as an aerosol. This can be done by re-
ducing the size, since the aerodynamic stagnation point heating rate is inversely propor=
tional to the square root of the body radius.

The reason that an aralytical technique for prediction of burn-up is required is
becouse complete combustion cannot be achieved in any krown experimental equipment for
the mateiials and particle sizes considered in this study. Therefore, a verified model
must be corstructed to predict when this event will occur under any re-entry condition.

There are no analytical or experimental data available on the oxidation character=
‘stics of fueled graphite at the present time. Theie aie several published theories on the ox-
(34 (S)(6)

idation of pure graphite tn high velocity gas streams In order to develop a

reasonable analytical model for the behavior of fuel material, it is first necessary to develop

=COMNLDENHAL "
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a verified model based on unfueled material. As noted before, such a theory can be
modified to take the fuel characteristics into account. The oxidation rates of fueled
and unfueled graphite can be compared experimentally in an arc wind tunnel, thus fur-

nishing a base for theory modification.

<y,

There are several factors to be considered in the fueled graphite analysis which

Q make it different from pure graphite. One involves the effective surtace distribution of fuel
in the matrix (UC2 in C). Since oxidation is primarily a surface phenomenon, the actual
coverage of available area by UC2 is important. If there is sufficient space between fuel
particles and graphite particles to permit elemental graphite to oxidize, its behavior will
: be aokin fo that of pure graphite, provided sufficient oxygen is available for the reaction

to proceed unimpeded. Another factor is that the oxidation rates of fueled graphite
material are believed to be somewhat greater than for pure graphite because of greater
porosity and the presence of UC2 in the fueled material. However, nec information has
yet been obtained to verify this,

The initial analytical study on unfueled graphite is bused on developing an IBM
7090 digital computer program. This procram was formulated incorporating the following

parameters:

a. An initial circular orbit at an altitude of 300 nautical miles is

assumed. This is consistent with early flight mission plans for

the NERVA engine.
: b, Re-entry angles from 1° to 90° are assumed, thus covering the
complete range of possible re-entry flight paths.

c. Re-entry velocity of 25, 000 ft/sec is selected as being a
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reasonable value for re-entiy from the assumed orbit.

d. A sphere is selected as the particle shape because of the sinplicity
of the mathematical treatment. This is conservative since the
surface area-to=-volume ratio is smaller for a sphere than for
any other shape. Actual paiticles would probably burn more

rapidiy upon re-entry because of presence of greater su-face

aredqs.

e. The aralytical theory of S.M.Scala for giaphite oxidation
duting re-entry is employed. The heat balance employed
considers convective gerodynamic heating, sublimation,
radiotion from the particle surface and fission product heating.
Aiso considered, by virtue of the analytical theory used,
are the effects of exothermic heats of combustion of carbon

‘- in the boundary layer and the heat blocking effect of com-

bustion products in the boundary layer, The effects of radia-

tion from ionized air in the stagnation region are not incl.ded,
but the error introduced is considered to be negligible at the
altitudes and velocities of interest.

: f.  Calculation of particle trajectory is based on a polar co~ordinate

or modified rectilinear system.

{]i g. A continuum flow regime in the at.nosphere is assumed for cal -

y culation purposes. This means that the mean free path of air

molecules is very small comp 4 to the diameter of the body.
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h. Laminar hzat transfer conditions are specified. No turbulence is expected

PEETS

.
3 on the assumed spherical shape.
; i.  The snhape of the particle is assumed to remain the some during re-entry
4 (a sphere) bur the particle mass and dicmeter are changed as combustion
;
g proceeds.
i Tke particle is assumed to spin because of residual angular momentum
and the heat transfer iz calculated to be uniform over the entire surface.
2.1 Compute: Program
The following sections discuss in some detail the approaches used to formuiate the
: computer program, from which the analytical results were derived.
V 2.1.1 Environmental Conditions During Re-Entry
A spinning sphere, re-enter. .g tue earth's atrmosphere from altitudes above 400, 000
i feat, will puss through three flow regimes during its descent. These regimes are defined as "'free
molecule®, "slip”, and "continuum", and deal with the effects of air density on kinetic energy
transmifted fo the body in the form of werodynamic heating. It is convenient to define the
A Knudsen Number (Nkn) which relates a characteristic body dimension (diameter in the case
’ of a sphere) to the mean free path of air molecules at any stated c¢iiitude. This relationship
} . Mo . -
: is N, = ——— ( Mo = mean free path of molecules; D, = characteristic body
. kn D b
! b
: dimension). The three tHlow regimes are defined in terms of this number as follows:
; Nkn > 2 Free Mclecule Flow
2> N, >0 Slip Flow
Nkn < 0.1 Continuum Flow

i
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Free molecule flow exists at high altitudes. The "slip" regime is a narrow transition region
between fiee-molecule and contiruum flow. Continuum flow exists at the iower altitudes
where maximum heating rafes occur. It may be noted thut the free molecule regime will
persist to progressively lower altitudes with decreasing size of the re-entering particle. In
the range ot particie sizes to be considered (1/64 inch to 1 inch diameter), it can be shown
by cciculation of the Knudsen Number that the smaller particles will be in the free mofe-
cule flow regime for o significant portion of their flight. The onalysis of heating in this
regime, particularly assignment of accommodation coefficienrs (fraction of energy trans-
ferred from gas to body) and calculation of heat input from chemical reactions, is difficult
ard subject to error without more detaifed knowledge of oxidation mechanisms and kinetics.
Since the assumption of a continuum flow regime throughout the flight trajectc  tends to
resutt in lowe: burn-up rates, such an analysis will give ¢ conservative result, or a lower
order of minimum particle size which could be consumed during re-entry.  Such a trect-
ment of continuum flow analysis duiing re-entry has been developed by S.M. Scala on a
theoretical bosis and appears to be generally accepted. Therefore, for the initial study
conducted in this piogram, Scala s analysis of graphite oxidation on re-entry was used to

calculate mass loss and predict burn-up characteristics. A free molz2cule flow analysis has

not been made as yet, although it is realized inat this must be done before a fully developed

knowledge of re-entry behavior can be realized.
g Y

2 1.2 Angiytical Model

To formulate a program for digital computer analysis of re-entry, it is necessary

to develop a schematic wodel whica includes all parameters of concern arranged in a logical

functional sequence. One method of accomplishing this is to set up o block diagram in a flow
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analysis pattern which contains the inputs available and the outputs desired as a function of
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the varicbles involved. By processing these inputs and outputs through the functional blocks,
it is possible by an iterative procedure to determine the behavior of the re-entering body through-
out the flight path. If each of the descriptive equations involving behavior as a function of
time, then a series of these equations can be solved to give instantaneous values of desired
variobles. By continuous solution with sufficiently short time irtervals, the effect of iteration
can be achieved by substituting the results of the previous solution into the next solution to
give a continuously changing description of particle behavior during re-entry. Since the
particle mass is constantly changing during re-entry due to combustion, the body diameter
is also changing and its aerodynamic characteristics are changing. Therefore, this type
of analysis is well suited to calculation of re-entry behavior where a continuous change of
input variables is occurring.
In establishing the analytical model, the following factors which influence particle
behavior are included:
a. Trajectory of the particle from initiation of re-entry to an altitude
of approximately 100, 000 feet as a function of particle size, mass
and re-entry conditions.
b. Effective aerodynamic heat input over the forward region (stagnation
point) of the particle and its resolution to effective heating over
the entire particle surface.
c. eat input due to radicactive fission prodict decay heat in the particle,

d. Heat radiated from the particle and its effect on particle surface temp-

er ature.,
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e. Paticie mass loss due to oxidation af the suiface.
f Particle mass loss due to sublimation at the surface.
g. Particle 1od’us change due to mass loss.
A diag am of this analytical model is shown in Figure 11-1.
In the following sections the elemerts of the theoretical formulation are discussed.

g 215 Tojecrory Crlculations

The initial step in the analysis of te-ertry purn-up is to determine the trajectories
of 'ne grapnite particie wizes of interest. From this information, the cerodynamic heating
equat.ons of motior fo: a pornt mass may be expressed in either rectilinear or polar co-

3 ora nate systems as follows.

sing - X (Tengential)

~ éi’i . du . D _':_
drz dt M M R

Rect Tineg

dv
! L s - 9o (Radial)

o | s
N~
l
e
!
«©
1
z |
o)

o {ZR® - RB) - 5‘— cos 6 LI\X sin 8 (Tangential}
Pela
; - . (% - P €:'2) v g - _LI\X cos & - 7\% sin 8 (Radial)
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__SYMBOLS
distance along flight
path (horiz.)
altitude

velocity along x~direction

time

mass of particie

drog parameter

|ift parameter
re-eniry angle

radius of earth +
altitude

gravitational effect
tangential unit vector

radial 'mit vector

s N FIIPINTIA b
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UNITS

feet

feet

ft/sec.

ft/ sec.
sec.

Ibs.

los. fi‘,/sec.2
Ibs. ft/sec.z

deg.

feet

ft/sec.2
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SYMBOLS UNITS
, ; R velocity along R ft/sec .
& angular momentum deg/sec
s N . . 2 -
A | R acceleration along R ft/sec :
. $
)l "3 6 angular acceleration deg/sec ;
) .
. | Cther relationships necessary for application of the above equations are:
: 2
o 2 2 2 C vV© oA C vV, A ‘
vE s Wt ey D= DA D L="1 A2 "L :
F 2 2
where . :
! \% = resultant velocity
3 u = velocity along x-direction :
: 3 D = drag parameter
L = lift parameter
CD = drag coefficient g
lv CL = [ift coefficient
‘ AD = reference orea for drag
; AL - reference area for lift .
, /OA = atmosphere density
A = A = 77’r2 for sphere “"
L D
The Newtonian vector notation is used to express the polar system. The most accurate
solutions to the motion earations for the cases of interest are provided by the polar form, since
i 3
3 the eaith is considered to be a sphere of finite radius. Solutions have been derived from the «
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rectilinear form by many investigators and iniroduce only a small error, even in the case

of a shallow re-entry angle. Since y << the distance fo the earth's center for aeicdynamic

heating in most cases, and since the drag regime occupies a limited altitude range, such

treatment is permissible.

Certain assumptions have been made to facilitate calculation of the basic trajec-

tories. These are as follows:

. . . 7 .
The earth is a uniform non-rotating sphere of 2.1 x 10" feet radius.
The variation of atmosphere density with altitude was incorporated

using the ARDC standard atmosphere of 1956(7).

Values were supplied

as step input in tabular form.

The drag coefficient (CD) is equal to 1 and remains constant throughout
the flight. The drag coefficient varies with Mach and Reynolds numbers,
but the approximation is valid at Mach numbers provided total drag is
considered to be pressure drag. A planned study to be conducted soon will
involve changing drag coefficients at lower velocities to evaluate the
effects on trajectory of diminishing drag.

The lift coefficient (CL) is equal to 0 and remains constant throughout the
flight. This assumption is valid for a spinning sphere of constant shape
where cerodynamic forces are equally distributed over upper and lower
portions of the particle so as to provide zero pressure differential.

The acceleration of gravity varies with altitude. ARCD values for changing

gravitational effects were supplied as step input in tabular form.

The re-entry angle changes constantly along the path, increasing gradually

RESTIEFED-DRT A 12
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and opproaching 90° in the extreme case.

g. The initial re=entry velocity has been specified as 25, C0G ft/sec for
all cases.

h. Particle dynamics are ignored. This is valid for a spinning, uniformly
dense sphere of constant shape. This renders unnecessary the three-
dimensional analysis which might be important if the particle suffered
deflection on re~entry. Consequently, the analysis is treated as a
two dimensional problem.

2.1.4 Convective Aerodynamic Heating

The effect of environmental conditions on particle heating during re-erntry has
been brietly discussed in a previous section. It is now of interest to determine what mathe~
matical approximations can be employed to best determine actual heat flux incident on
graphite particles of interest in this program.

When a particle first re-enters the atmosphere, and is in the region of free mole~

cule flow, the stagnation point heat transfer as described by Kemp and Riddell(g) is as

follows:
o~ 7 v )3 2
q, = 2.69x 10" n ~ BTU/ft sec
% E
where: q, = stagnation heat flux
n =  accommodation coefficient
-/O = density of air at altitude of particle
‘/f = density of air at sea level
\ = velocity of particle
\ = initial re-entry velocity
P W TT N -A-—-..-E .
“eanime=a4NBEILY - LI
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where n is the accommodation coefficient based on energy transfer. The upper limit of
this coefficient is 1 (all kinetic energy of the molecules transferred to the body). As

the particle descends, the continuum flow regime is encountered where the approximate
stagnation point heat flux is given by Kemp and Riddell as follows:

1/2 .25 h
- 17,600 / _/_C %— 1 - hWOH BTU/ftzsec
< E gas
B

where r,, is the radius of the particle and h refers to enthalpy.

B

w

The equili rium surface temperature of re-entry particles will change with altitude

h

wall
n may have a great effect on heat transfer rate as the temperature

gas

and the term 1 -

differential between surface and gas becomes less. However, Lees and Cohn assume that

e n 00

realistic values can be obtained by cold wall approximations (h
wall gas

Caleulations show the total hot wall heat input may average 20% lower than cold wall,
but when conduction is considered it is believed this difference will be greatly decreased.

Consequently, the above equation may be modified to:

_ 17,600 o V2 v ¥

q
* g < VE

2.1.5 Average Convective Heating Rate as a Function of Body Shape

The above calculations determine the incident heat flux at the stagnation point of
a body. To calculate the average heat flux over the entire surface of a spinning sphere re-

quires a transformation involving the variation of the stream - elocity gradient at every point

11)

A1 .
on the surface. Oehrlu( has developed these functions for local heat transfer for both a

sphere and a cylinder, assuming laminar flow conditions. His values give a factor of 0.25

f s Wylinder. Therefore, the local surface heat flux for the
&ém ¥

*ﬁfm):- A 14
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spherical particies of interest as related to the stagnation heat flux is:

q, 7 0.25 q where g = heat flux i

stagnation

2.1.6 Radiation Heating

A body re-entering the earth's atmosphere generates a bow shock wave of sufficient
Y 9 p g

magnitude to cause extensive dissociation of air molecules passing through the shock region.

S R R I )

The radiant heat emanating from this region constitutes a heat input to the body which varies

» iSghh M

with the altitude and velocity of the body. However, Lees(lz) and Kivei(]:j) agreed that
radiation heat transfer at the stagnation point is important only for bodies traveling at more
than 30, 000 ft/sec. at altitudes of 35 miles. Such conditions do not exist during orbital re~-
entry, so the effects of radiative heat transfer are ignored for the present cases.

2.1.7 Oxidation

The analysis of Scala, which is based on a coniinuum flow regime, is used to

determine the mass loss rate due to oxidation during re-entry. In the interest of clarity,
! several other assumptions made in the development of this theory should be cited:
i a. The oxidation reaction is diffusion controll »d in the temperature
range of interest, Products of combustion can be CO and COZ'
with C02 being predominant at the very low temperatures.
Above 3000°R, the primary oxidation product is CO.
. b. Nitrogen atoms do not enter into chemical reactions,

b c. Equilibrium exists in the gaseous boundary layer and at

the surface.

d.  Radiation from the body is not included in the general i
} expression, which accounts only for convective heat input.
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e. Radiation into the body from the gas cap is assumed negligible.

f.  Account is taken of the exothermic and endothermic chemical
reactions occurring in the boundary layer, which effectively
supplies an additional heat input.

g. The heat blocking effect of combustion products injected into
the boundary layer is taken into account. This assumption
effectively reduces total heat input by some degree.

As a result of these considerations, Scala developed a general formula for

effective stagnation point heat flux as follows:

G = a. = V3 © (0% W By e
where QST =  stagnation heai flux
q = 1.828-4.156x10T + 4.097x 10787 2
s w w
TW = Particle wall temperature in R
o = -(7.32+8.7763x 1070 y)
y = altitude of particle
r = radius of particle

Vv

11

velocity of particle

Heat fluxes calculated by the above formula will be generally higher than those
computed from the method of Kemp and Ridde'" because of the various effects determined
by Scala which tend to increase heat input (such as exothermic chemical reactions in the

boundary layer).

Extending this reasoning to the prediction of stagnation point ablation rate of
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a graphite surface, Scala developed the following relationship for the mass loss rate M

2
(Ibs/ft sec).

= (r-i‘/z‘; (Q) (]O)G (V)b lbs/ff2 seC
ox st
where:
- . -4 - o o
C = 0.508 + 1.4725 x 10 TW if T000R< TW< 3000°R
C - 117 -1.085 x 107 y -~ (741 x 107 - 2.85 x ]0_10)/) T if
T > 3000°R
w
b = 0.875
a = -(4.6759 + 9.1600 x ]O-éy)
v = radius of particle
\% = velocity of particle
T = particle wall femperature
w

To transform this localized mass loss rate to that existing uniformly over the surface
of a rotatirg sphere, Scala used a modifying factor which results in over-all surface mass

loss rate:

= (0.130 M

ox surf ox stag

2.1 SSublinlginn

In addition fo oxidation, there will be sublimation of elemental graphite if the cur-

face temperature reaches the sublimation temperature during re-entry, The sublimation tempera-

ture 's a function of the pressure existing at the body surface, and it decreases with a decrease

n pressure. Tables have been compiled for this relationship and programmed for use on the

digital computer.

Tc ~alculate the mass loss due to sublimation, it is necessary to write a heat balance
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between effective surface heat input and surface radiation. The net heat available can then

be divided by the heat of sublimation of graphite to predict a mass loss rate from the surface.

This relationship appears as follows:

- 4
Msub = fQ- érw

T =T
25,600 W sub
where :
e = net convective stagnation heat flux
f = 0.25 (conversion factor for surface heat flux on
sphere)

Tw = particle wall temperature
Tsub = sublimation temperature of graphite
e = Stefan-Boltzmann Constant (4.8 x 10-13 B“I'U/ff2 secR)
& = emissivity (normally assumed 0.8 for graphite)
Hsub = 25,600 BTU/Ib. for graphite

2.1.9Fission Product Decay Heat

The internal generation of heat within re-entering particles due to radioactive decay
processes should be included in tha general analysis. A table has been compiled which shows
the percentage of original power remaining as a functics of time. By incorporating volume
factors for the particle sizes involved, it is possible to determine the amount of decay heat

generated during re-entry. This term was included as d heat input in the following form:

UG Peff
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Peff = pow=r remainint at time i (BTU/sec)
\/b = volume of paticie (ft3)
9e = decay heat (BUT/ff3sec)

2 1.10 Calculation of Particle Surface Temperature

The calculation of surface temperature and its change with time necessitates
determination of a heat balance among the different kinds of heat inputs and heat losses.
For the purposes of this investigation, the major heat inputs were assumed to be convective
aerodynamic heoting and fission product decay heat, and the heat loss was considered to

be entively through radiation from the particie surface. This leads to the following

equation.
To- LA - TYA + g V)T < 7000%
w N\Cp B WS VT

whee:
TW = rate of change of temperature at particle wall
q. = decay heat (BTU/ftgsec)
¢ = aerodynamic heat flux which includes heat of

reaction (BTU/ftzsec)
f = 0.25 fer spheve
_ 2

As = 4 7 7 for sphere
o = Stefan-Boltzmann Constant
{f = emissivity (0.8 for graphite)
Cp = specific heat (constant pressure) of graphite
Vb = volume of particle
M = mass of particie
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2.1.11Summary of Program Formulation

The various parameters which have been described as paris of the analytical

mode: were assembled by means of a FORTRAN code into the over-all program. This

technique produced a set of equations which were sclved simultaneously and continuously

by the 1B 7090 digital computer throughout the re-entry flight of the graphite particle.

Outputs of interesi were printed os a function of time to furnish data for reduction to chart

and grophical form. The complete grouping of equations appeared as follows:

4

RESTRIC,

- 197 LA | 20
A oesvieiyy Act - 1954

a.

Trajectory

= = (2!.29. + RG) -2 zos © L sin 8 (Torgential)
R M T M 9
2= R(R -ROH g - L cos@ - 2 sin® (Radial)

Aerodynamic Hz2ut Input (including heat of combustion)

2.5645

G = Q=G 2y @ 10° W) BTU/frsec

Oxidation Mass l.cﬁ

= 0.130 (r"/ 2) (©) 10)° (V)b Ibs/'ft2 sec

ox surf

Decay He.:®

4 = 'ﬁ BTU/f?asec

b

Radial n Heat Loss
. 4

N i o
Voomes CAAT T A gy e

Sublimation Mass Loss

, T4
M b - Q- éTw lbs/H2 sec
v 25, 600
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g- Particle Radius Change

T -]—— (Mox. surf ¥ Msub)

2.2 PRESENTATION OF ANALYTICAL RESULTS

The various ranges of input paramete s used for solution in the digital program are shown
in Figure 2-2. These covered the complete range of conditions desired for evaluation in the
program and permitted braciketing of prrticle size for which complete burn-up could be pre-
dicted.

The complete output from the computer consisted of the following terms as functions
of time:

a. Altitude
b. Particle surface temperature

Particle radius

(3]

d. FParticle velocity

e. Particle mass

f.  Oxi ion mass loss

g. Sublimation mass loss

h.  Stagnation heat flux

i. Flight path angle

j- Horizontal flight distance

k. Tangential velocity component

. Radial velocity component

CQN FINCALTLAY
IS e L - 21

Algmisulnengulisnnn s



«° NFIDENTIAL

REGHRICTEDBATA L —
ATERTE ERORTY=Nerag

It was not possible, in the available time, to conduct a complete study of all data
and to present results in detailed form. However, the parameters of greatest interest have been
investigated and assembled in graphical forr: to show effects of re-entry variebles on aero-
dynamic heating rates and particle burn-up for ¢ representative range of particla sizes.

Figures 2-3 to 2-9 show the variation of velocity wi*k altitude for a number of
particle sizes as a function of re-entry angle, initial altitude, initial temg2rature and initiai
velocity. The following conclusions muy be drawn:

a. Maximum deceleration occurs at a higher altitude for G smaller
re-eniry angle.

b. Maximum deceleration occurs at a higher aititude for a smaller
particle size.

c. Maximum deceieration tckes place between 300, 000 ~ 150, 000 feet.

d. At 100,000 feet, the velocities of all particles have follen to 'ow
vaiues (20 ~ 2000 ft/sec depending on particle size).

e. The initial particle iecmperature has no effect on the re-entry trajectory
of any particle size up to 1" diameter, when re-entry is from an ultitude
of 1.8 x 10° feet or 4 x 10° feer.

f.  The basic trajectories are similar for re-entry from 1.8 x 106 feet or
4 x 105 feet since initio! deceleraiion occurs in the range 400, 000 -
300, 000 feet. Above 400, 000 feet there is actually an acceleration
of the particle due ‘o gravitational attraction in the absence of drag.

Figure 2-10 illustrates the change in particle radius with altitude, due to mass loss

through oxidation. It can be seen that:

~CONFIDENTHE
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a. The iarger particle sizes (1" and 1/2" diameter) exhibit a negligible
size chonge on re-entry, which is independent of re-entry angle.

b. Particies of less then 1/4" diameter show a larger relative change in
size. Also, the total decrecse in radius is greater for the smaller
re-entry angles indicating a greater mass loss for the shallow re-entry
po?h.

c. Particles of 1/32" diameter will be reduced to 25 micron size above
1GC, GGG feet if continved oxidation below 1000°R is assumed. There
is serious doubt that this would be the case, due to low particle tempera-
ture. Scala's lower temperature 1imit is 1000°R and it it is assumed that
oxidation ceuses completely at 100C°R. then the 1/32" particle radius
will be 150-250 microns at 10C, 000 feet, depending on re-entry angle.

d.  On the basis of later analysis (not plotted here), it appears that 1/64"
diometer particles will be reduced to 25 micron diameter above 1C0, 000
feet, even if no mass loss from oxidation occurs below 1000°R.

e. Initial temperature of the particle has no effect on radius change during
re-entry,

Figures I1-}l indicales the percentage of particle mass consumed us a function of altitude
for 1/24" and 1/32" diameter bodies. From this information it can be conciuded that:

a. More mass is iost from shallow angle re-entry. Although peak heat
fluxes are higher at larger re-entry angles. The integrated heat flux
is greater for small re-entry angies due o the much longer flight path.

b. The 1/24" diameter particles will be only 35 ~ 80% consumad it >xidation

MRl Iﬂ.ﬁm - -
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is presumed to cease below 1000°R. The total mass consmption
increases with a decrease in re-entry angle.

If oxidation is assumed to continue below IOOOOR, extending Scala's
theory, then the 1/24" diameter particles will be reduced to 25 micron
size (ot 100, 000 feet) for shcllow re-eniry angles.

The same theory is true of particles of 1/32" diameter, except that
with continued oxidation, all particles will be comgletely consumed

.

at any re-entry angle.

Figures 2-12 to 2-14 piot stagnation heat flux as a function of particle size, re-entry

angle and altitude. This is done for 1/24" and 1/32" diameter particles. The following

effects are noied:

e

The stagnation heat flux is greater for smaller particle sizes, at the same
velocity and altitude. However, due to more rapid deceleration of the
smaller particle at higher altitude, the peak heat flux is about the same

for the larger particle size at the same re-entry angle.

The peak stagnation heat flux increases with an increase of re-entry angle,
reaching a maximum at a 90° (vertical) angle.

The altitude range of high heat flux input is limited, lying between 200, 000-
300, 000 feet. The peak heating occurs at a velocity about 85% of the

initial re-entry velocity.

There is no effective aerodynamic heating abcve 400, 000 feet, nor below
150, 000 feet. Above 400, 000 fee* air density is insufficient to cause heating.

Below 100, 000 feet, particle velocity is too low to cause heating.
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e. The integrated heat flux is greater for a shallow re-entry angle al-
though peck heat flux is greater for steep re-entry. This is because
the tota! flight time is much longer with the smaller angle, thus
leading to higher integrated heat fluxes.

Ore plot of particle surface temperature versus aititude was made for a 1/32" diameter
re-entering body. It is seen in Figure 11-16 that the temperature curve follows the form of the
neat flux curve, which is to be expected. A peak temperature of 5000°R is ~alculated for a
90° re-entry at 250, 000 feet, and a peck temperature of 3800°R is obtained at 320, C00 feet
tor a 5° re-entry. The temperature calculations were based on a particle surface emissivity
of C.2.

There was no mass loss due to sublimation in any particle size, since surface tempera-

tures did not reach the sublimation temperature upon re-entry.

3.0 EXPERIMENTAL PROGRAM

The purpose of the experimental program on graphite materials is to obtain empirical
data under simulated re-entry conditions for comparison with theories of re-entry burn-up.
Only in this manner can theory be validatad and then extended to predict burn-up characteristics
under a variety of conditions. Therefore, experimental work must be conducted under closely
controlled conditions so that the data can be considered reliable for comparative purposes.

Faciliiies available for conducting simulated re~entry experiments are of four general
types. i

a. arc plosma wind tunnels,

b. hypersonic blowdown wind tunnsls,

c. kallistic ranges and

CONHBDENTIAL ’
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d. shock tubes.

The arc plasma wind tunnel is able to duplicate stagnation enthalpy, stagnation pressure
and gas density at a given altitude and velocity. It is not able to reproduce free stream
velocity or exact chemical composition of air under re-entry conditions due to ionization
of air by the arc. However, it is capable of being operated for extended run times, which
is an important factor in materials studies. Hypersonic wind tunnels more closely reproduce
free stream velocities and gas composition, but stagnation pressures are too high to simulate
altitude. Short run times, less than a minute in duration, are the general rule. Ballistic
ranges actually accelerate smell particles to hypersonic velocities, but flig'.i times are
extremely short. Recovery of particles after test also presents somewhat of a problem. The
shock tube is extremely weil suited to gas dynamic studies, but run durations are measured
in milliseconds. This makes the device basically useless for any realistic materials study.

Out of many discussions, and visits to various laboratories (19 in  }1 contacted)
Plasmadyne Corporation was selected to perform the arc plasma tests. An experimental
program was outlined to include bu:n-up tests on both fueled and unfueled graphite core
materials. The tests on pure graphite were performed first because developed theories are
based on the use of pure, dense graphite.

It is physically impossible to test a free body (such as a sphere) in a plasma turnel.
Shapes must be supported in some type of insulated holder which does not create turbulence
in the laminar stream. A common method of specimen preparation involves machining or
grinding of hemispherical shapes incorporating a projecting shank, whereby the specimen
can be mounted at the tip of a cone=-shaped holder. In this manner, only the hemisphericol

portion is exposed to stagnation heating in the plasma stream. T keep the heat from flowing
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out of the specimen, a suitable thermal insulator should be interposed between the specimen
and the holder.

The objective ¢ tests in the plasma arc tunnel was to measure the mass loss rate, due
to oxidation, of various size graphite hemispheres exposed to a plasma stream. Several
parameters ae controllable to produce varying conditions of simulated velocity and altitude.
By exposing equal size specimens for different time intervals at one test condition, it is
possible to determine average weight loss as a function of time after equilibrium has been
established. Several test conditions are emp:oyed to determine mass losses over a range of
re-entry altitudes and velocities.

To compare experimenta! data obtained in this initial phase involving unfueled
graphite with the predictions of Scala's theory, it is necessary to know the simulated
altitude, velocity and surface temperature of a particle of stated size which is exposed in
the plasma arc tunnel. These are the only three variables necessary to predict particle
mass loss rate. Therefore, the experimental program wos oriented around a representative
range of particle sizes which would logically cover the anticipated burn-up range.

3.1 Experimental Procedure

Specimens of Graphitite "G", a dense grade of structural graphite, weie lathe-
turned to hemispheres of 1", 1/2", 1/4" and 1/8" diameter. Approximately 100 of these

specimens were prepared in the different sizes. The shap. of the specimen is shown below:

GRAPHITE

Graphite SPECIMEN
Hemisphere

Support
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The surfaces of these specimens were machined to a fine finish, to keep surface porosity
to a minimum, since surface condition will effect oxidation rates. Scala's theory assumes
a non=- porous reaction surface.

Initially, specimen holders were prepared from Lavite (a form of magnesium silicate)
and from phenolic nylon. It was thought the insulating properties of Lavite would ke cttractive
and its high temperature strength would be advantageous. Nylon was believed to be a good
"ablation" material and would form surface char layers under high heat fluxes without
degradation. An insulating length of Lavite was inserted in the nylon holders as a thermal
barrier between the graphite specimen and holder. The holder specimen arrangements appeared

as shown below:

- @ e e e e e e o -

Insulator

Nylon or Lavite 3/4" 2
Holder l

\ 1o = = e e e e
]
] 1
]
1

Approx. 7" — 3/4"__):

P i

The initial experiments in Plasmdyne's arc tunnel were unsuccessful because the
holders functioned poorly. The Lavite suffered badly from spalling due to thermal shock.
The nylon warped, sagged and melted internally near the tip. The longest run time was

approximately 15 seconds before failure occurred.
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Following this experience, it was decided that graphite would probably be the only

suitable holder material provided its high thermal conductivity could be blocked so as not to
transfer too much heat out of the specimen. Holders of graphite were fabricated for the dif-
ferent specimen sizes and tesis quickly showed the material was ideal for the application.

At the present time, methods aie being developed with the use of pyrolytic graphite to reduce
heat transfer from specimen to holder to a minimum value. It is realized the initial test
results reported here could give somewhat different values of mass loss than the realistic

case, due to heat transfer out of the specimen into the holder. The improved holder assembly
will be used as soon as the pyrolytic graphite insulators are available.

Table 3-1shows a summary of test point data determined during equipmens cali-
bration for the experimental runs. Each test point simulates a specific altitude and velocity
by duplicating the stagnation enthalpy and stagnation pressure at the specimen surface Test
points B, C, and D are for air; point B] is for argon. The relationship between test points,

altitude and velocity is as follows:

Test Point Velocity Altitude
B 17,500 ft/sec 190, 000 fi.
B] 17, 500 tt/sec 190, 000 ft.
C 24,000 ft/sec 250, 000 ft.
D 25,500 ft/sec 350, 000 ft.

3.2 Test Results
Table 3-2 lists the data on weight loss versus time for various size specimens at the
different test points. Three exposure times were run at each test point for each size in order

to provide curves which could be interpreted to furnish an accurate mass loss rate. The 1/2"
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TABLE 3-2

MODEL WEIGHT LOSS RATES

Asrronuclear

Model Diameter Model Number  Run Time  Change in Weight  Weight Loss Rate
(seconds) (grams) (gms/sec)
Point D:
Half-inch 23 180 .3548 001971
24 360 6226 661729
22 % .8797 001629
Guarter-inch 21 65 .0514 .0006C47
20 190 .1184 .0006232
19 245 1346 .0005494
Eighth~inch 15 45 .0078 .0001733
14 60 .0094 .0001567
13 75 0113 .0001507
Point C;
Half-inch 9 105 4355 004147
8 165 .6849 004151
7 240 .8225 .003427
Guarter~inch 12 45 .0723 .001607
11 65 0973 .001497
10 84 1141 .001358
Eighth-inch 38 15 .0066 .0004410
37 30 0121 .0004033
36 40 0151 .0003775
Point B:
Half-inch 17 122 5918 004851
31 180 7948 004416
16 255 9676 003795
Quarter~inch 7 60 .0943 001572
26 105 1273 001212
25 150 .1647 .001098
Eighth~inch 35 20 00795 0003975
33 40 .01400 .000350C
32 60 01900 .0003170
~=GQALEOLMNHAT
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TABLE .3-2

MODEL WEIGHT LOSS RATES
(continued)

Mcdel Diameter ~ Model Number  Run Time  Change in Weight  Weight Loss Rate
(seconds) \siams; (gms/sec)

Point B I
Half~inch 30 120 .0227 .0001892
29 270 .0483 .0001789
28 540 .0892 .0001652
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size was run in argon, to Jetermine whether the samples lost weight by uny process other
than oxidation. The fact that there was some measurable weight loss in orgon indicates
that factors other than oxidation are operative in the burn-up behavior of these graphite
specimens.

Figures 3-1to 3 -3 show the average tempe: “iures measured cn the surfaces of
the 1/2", 1/4" and 1/8" diameter specimers as « function cf (1) exposure time in the
plasma stream and (2) test point location. An emissivi'y value of 0.9 ( € = €.9) was
assumed for both optical and radiation pyrometer readings. Optical pyrometer readings
were obtaired on the 1/2" and 1/4" sizes, but tha 1/8" digmeter specimens were too
small te be read accurately with an optical pyrometer. Therefore, a radiation pyrometer

was used Results obtained by this method on the 1/8" specimen size are of questionable

accuracy because the radiation pyrometer was removed some distance from the small specimen.

Figures 3 -4 and 3 -6 show mass loss rates as functions of specimen size, fest point

locatien and total exposure time. In all cases, a reasonable tineur plot was obtained after

a suitable induction time for attaining equilibrium surface temperatures. The average mass
loss rate decreased with increasing exposure fime in all cuzes.

Figures 3-7to 3-16 ‘lustrcia the actual surface temperature~time histories of each
model (specimen) exposed. This is done for each test point and euch exposure within a test
point. These curves are very useful in arriving at conclusions regarding (1) actual average
surface temperature and (2) time to reach equilibrium surface temperature s a function of

specimen size and test point location. The exposure times were sufficiently fong in most

cases to pernit a reasonably accurate average surface temperatuie to be realized.
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3.3 Discussion of Results

The exposure of graphite specimens in the arc plasma wind tunnel demonstrates
that reasoncble agreement was reached with the theory. This is considered to be signi-
ficant and indicates that the basic assumptions used in the analysis are generally valid.
The calculated average mass loss rates from the surfaces of the specimens tested showed
a steady decrease with increasing exposure time. It is believed this is associated with the
change in radius of the particles with extended exposure times and can be corrected in
subsequent runs by limiting the exposure times to produce only small changes in radius.

In addition to this interpretation, there are other effects which might exist at the surface
which could possibly influence mass loss rates. These include:
a. Increase of surface emissivity, leading to greater radiation from
the surface and lower oxidation rates.
b. Formation of a thickened boundary laye: which slows down diffusion
of reactants and products, effectively reducing oxidation.
c. Charge of porosity of the surface due to oxidation, thereby changing
the rate of surface reactions.

For the purpose of assigring mass loss rates and surface temperatures for comparison
with theory, either or both extremes of values may be considered, or an average may be
taken. For initial comparison, average values are used.

Concerning temperature equilibrium at the surface, the following average times cen

be assigned for reaching equilibrium from start of exposure to the plasma stream:

1/2" size 1 min.
1/4" size 15 sec.
1/8" size 5 sec.

wdiamitiiaigundabenlfbd
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The data on the 1/8" size are somewhat erratic, as discussed previously. However, it

Atomic Ene

appears reasonable to assume that the smallest particles will reach equilibrium very rapidly.
The above times, based on conservative assumptions, are adequate for computing times to
equilibrium. It must also be remembered that in a free particle, or in one which is thoroughly
insulated, equilibrium will be attained more ropidly.

The surface temperatures are approximately the same for 1/2" and 1/4" specimens
at o given test point. This would not be expected, unless the conductive heat loss is higher
for the smaller particles. It is certain that convective stagnation point heat flux is higher
for the smaller particles since the heat flux is inversely proportional to the square root of
the radius. The reported temperatures on the 1/8" specimens are entirely too low to be realistic
and probably reflect errors in radiation pyrometer readings. Another factor may be the pro-
portionately larger amount of heat loss to the holder in the smaller specimens. Future tests
will be conducted with the hoiders insulated as thoroughly as possible from the specimens.

3.4 Comparison of Experimental Data with Scala’s Theory

Four cases were considered to provide a comparison between experimental data
and Sccla's theory. These were 1/2" and 1/4" particle diameters at test points B and D.

The results are shown in Table 3-3.

Tne experimental data show greater mass loss rates than those predicted by Scala's
theory. However, the maximum discrepancy is only one order of magnitude, which can be
considered low in view of both the previously discussed limitations of the experiment and the
assumptions of the theory. The agreement is better for the iarger particle size and for the
lower altitude position for both particle sizes. Scala's theory assumes continuum flow through-

out the re-entry, which leads to lower burn-up rates thun would be the case i1 free molecule
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TABLE 3-3

COMPARISON OF EXPERIMENTAL DATA WITH
SCALA'S THEORY ON GRAPHITE BURN-UP
DURING RE-ENTRY

Mass Loss Rate

Particle  Exp. Test Sim. Sim. Measured

Size Point Vel. Alt. Surf. Temp.  Experiment* Theory**
(ft/sec)  (ft.) (°R) (Ibs/ft<sec) (Ibs/ft4sec)
1/2" dia. B 17,500 190,000 4416%R  348x 107> 1.68x 107>
D 25,500 350,000 3678°  1.46x 1070  2.63x 10~
1/4 dia. B 17,500 190,000 4344°  9.46x 10 2.32x 107
D 25,500 350,000 3732°  4.06x 10> 3.82x 107

*
Actual mass loss rate doubled to account for sphere rather than hemisphere.

* %
Stagnation mass loss rate multiplied by 0.130 to transform to sphere surface

mass loss rate (See Section 2.1.7 for method of calculation).
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flow. The actual flight regime of particles of this size will be a combination of continuum
ond free molecule flow, leading to burn-up rates greater than those predicted by Scala.
The smaller particles will be in free molecule flow for a greater portion of their flight
than the larger ones, therefore, experiencing a higher heating rate. Thus, the spread
between theoretical and experimental values should be greater for the smaller particles,

which is indeed the case. The fact that better agreement is found at the lower altitudes

may be attributed to the samples being in continuum flow only.

4 .0 FUTURE WORK PROGRAM

4.1 Analytical Program

Several detailed investigations are being conducted at the present iiime to extend
the cssumptions applicable to the basic analytical model. This is designed to permit the
widest interpretation of possible re-entry parameters in the given model so as to cover the
extremes of possible behavior. Two points being studied are:

a. Variatior: of surface emissivity ( 6) of the graphite particle. An
emissivity of 0.8 wos assumed for the cases discussed in this report.
This is considered to be a realistic value for the graphite body
under the general conditions of re-entry. A change of emissivity
will affect the surface temperature and the mass loss rate. Emis=
sivities of F = 0.5 ond 6 = 0 (no radiation from surface) are
being substituted in o number of re-entry cases to determine what
effects will occur. In addition, comparison of these results with
those of other investigotors is required.

b. Re-entry studies on 1/64" diameter particles.

RESIRICIED N . TA 37
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Further work of a longer range nature will include:

3 IC Energy -

a. Analytical studies on incorporation of free-molecule flow theory
into the re-entry parameters for a range of particle sizes. This
study is necessary to predict more accurately actual re-entry
behavior. The present study has been based on continuum re~
entry.

b. Study of the effect of varying drag coetficient during re-entry.

c. Possible incorporation of other oxidation theories into a digital
program. Thecries by Zlotnick, Waber, and Dennison have been
studied on a preliminary basis during Phase | and techniques can
be applied to render them suitable for computer calculation.

d. Modification of existing applicable theory on pure graphite to
account for behavior of fueled graphite.

4,2 Experimental Program

Future work of an experimental nature is planned for the next phase of the NERVA
program. Investigations are designed to include:

a. Further runs on unfueled grophite using improved insulated graphite
holders to reduce heat loss from specimens. This will probably in-
crease experimental mass loss rates.

b. Tests on fueled graphite materials in the same specimen shapes and
sizes as tne unfueled grophite. Depleted uranium, simulating the
enriched uranium loading, will be used to keep rac  :tivity to the

lowest level possibie.
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c. Tests to simulate other altitudes and velocities.

d. Study of shadowgraphs and color films of specimens before, during and
after exposure to determine the effects of contour changes in the specimen
shape which may cause difficulty in the interpretation of unit mess loss
rates.

e. Tests at shorter run times, provided equilibrium temperature can be estab-
lished faster in the specimens than in the initiai cases reported here. This
will help to eliminate difficulties associated with change of specimen shape

and large changes in radius.

3.C SUMMARY AND CONCLUSIONS

Analytical and experimental programs have been carried out on unfueled graphite
materials with the object of determining mass loss rates due to oxidation during re-entry.
From the results obtained, an attempt was made to predic! the maximum size of graphite
particles which would be reduced to a 25 micron diameter kefore reaching an altitude of
100, 0G0 feet. This particle size would then be assigned as the necessary maximum particle
size for any type of destruct mechanism which is designed to eliminate the radiation hazard
from re-entering nuclear reactor parts.

The work on unfueled material was performed as a prelude to a study on fueled
material, because a number of existing theories on the combustion of pure graphite could
be studied analytically while there was no developed theory on the burn-up of fueled
graphite. The first task was to determine whether existing theory could be verified by
experimental work on simulated re-eniry using unfueled material.

The aralytical program involved the application of S.M. Scala's theory on
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oxidation of graphite during re-entry to an IBM 7090 computer program. Scala's theory

was chosen because it appeared to be the most logical and because it could be reduced

to a digital machine program without excessive difficulty. The input parameters and output
data were formulated into a flow-type block diagram which consisted of a set of differential
equations to be solved using an iterative method. In this manner, a step-by-step computation
could be made at descrete time intervals during re-entry to give information on trajectory,
aerodynamic neating rates, oxidation and sublimation of the graphite particles. Spheres of
1" to 1/64" initial diameter were chosen to re-enter at altitudes of 300 and 65 nautical
miles and at initial temperatures of 4000°R and 300°R. Re-entry angles varied from 1°

to 90°. A single re-entry velocity of 25, 000 ft/sec assumed.

Results of the analytical program showed that pure graphite particles of 1/32"
diameter will be consumed by oxidation above 100, 000 feet, for any re-entry angle,
if oxidation is assumed to continue below 1000°R.  No mass loss occurs due to sublima=
tion, since surface temperatures do not become high enough. Shallow re-entry angles are
the most favorable for burn-up. The initial particle temperaiure at either altitude studied
has no effect on total mass loss of any particle size considered.

The first series of tests was carried out on pure graphite specimens in an arc plasma
wind tunnel. Three simulated points on a typical re-entry trajectory were chosen for exposing
the specimens, coiresponding to altitudes of 350, 000 feet, 250, 000 feet and 190, 000 feet,
with velocities of 25, 500 feet/sec, 24, 000 feet/sec and 17, 500 feet/sec, respectively.

The specimens were hemispheres of 1/2", 1/4" and 1/8" diameter, mounted in graphite holders,
and were exposed in the plasma stream for various times to give measurable mass losses. The

stream censisted of a mixture of oxygen and nitrogen to simulate the air composition at
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given altitudes. One series of runs on 1/2" specimens was made in pure argon to deter-
mire effects on the specimen without the occurrence of oxidation. Surface temperatures
were measured with optical and radiation pyrometers. Tue object of the experimental
program was to determine mass loss rates as accurately as possible once the specimens had
achieved ar equilibrium surface temperature..

Average mass loss rates were calculated for each type of specimen under the
different conditions of exposure and these values were used for comparison with the results
predicted by analysis. The analytical and experimental data which were compared at the
same points on the re-entry trajectory agreed within one order of magnitude in all cases,
with most results differing by much smaller amounts. This agreement is considered to be
juite good. The experimental data in all cases gave higher burn-up rates than the theory.

The initial work performed during this 6-month period does not permit final con-
clusions to be drawr on the size of graphite particles which will be destroyed du ing re=
entry. Further experimental work is necessary on unfueled material and exfensi:/e effort
is required on the measurement of fueled graphite burn-up rates. It is planned to exiend
the analytical work to incluca the free melzcuie fiow regime during re-entry, as well as
investigation of other theories on the mechanism and kinetics of graphite oxidation. A
modified theory must be developed to account for the forthcoming experimental data
on fueled graphite. With these points in mind, the work program for the next phase of
the NERVA contract will include the following effurte:

a. Analytical studies on oxidation theories of Zlotrick, Waber and
Dennison, with possible incorporation into a digital computer

program. 2
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b. Anclyhcul studies of free-molecule theory incorporated into the re-
entry parameters fo predict more accurately aerodynamic heating.
c. Variation of re-entry parameters such as drag and lift, due to change of
shape of re-entering body.
d. Correlation or modification of existing theory to predict oxidation
characteristics of fueled graphite, based on experimental results.
e. Initiation of experimental arc plasma wind tunnel experiments on
fueled graphite specimens and determination of mass loss rates.
f. Continuation of experiments on oxidation of unfueled grophite under
improved test conditions for more accurate comparison with theory.
g. Final summation of re-entry behavior of fueled and unfueled graphite

derived from all available analytical and experimental data.
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SURVEY OF FISSION PRCDUCT RELEASE FROM NERVA FUEL MATERIAL

1.0 INTRODUCTION

One of the major sources of concern in regard to the eventual use of nuclear
rockes is related to the fission product activity of the reactor core after operation of the
reactor. The problem of determining the fission product inventory for any given set of
operating conditions requires knowledge of the fission product release under a wide variety
of conditions. In particular, the requirements for data on fission product release from NERVA
fuel material arise in the following ways:

1) Fission product release during ground and flight testing of KIWI reactors.

2) Use of fission product release data to determire the operating behavior of fuel

in KIWI reactors; this includes total burnup and power, power and temper-
ature distribution, and operation of individual fuel elements.

3) Fission product release from an intact core during a decay heat cycle.

4) Fission product release during a nuclear transient which results in

fragmentation of the fuel.

5) Fission product release from fuel fragments during re-entry heating.

6) Fission product release from an intact core by water leaching or fuel-

water chemical reactions.

The information required must provide both a basic understanding of the
mechanism of fission product release as well as engineering data which may be of a more

immediate concern. The basic understanding of fission product release is required because
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there are many factors which can greatly affect the release rates. These include such things
as method of fuei fabrication, fuel composition, type of cladding, hydrolysis reactions, thermal
cycling and atmosphere effects (vacuum, helium, hydrogen, and air}.

The primary purpose of the present paper is to consider the problem of fission
product release from an intact core during a decay heat cycle. This work is part of the over-
all safety and hazards analysis of the NERVA program. In particular, the present paper describes
the results of a literature review of fission product release from fueled graphite and considers the
problem of planning an experimental program which wou!d provide the kind of fission product
release data required in several phases of the NERVA program.

2.0 THEORETICAL EXAMINATION OF PROBLEM

The NERVA fueled graphite is a dispersion-type fuel in which a fuel bearing
phase, UC2, is dispersed in a porous graphite matrix. Figure 1 shows a sc :ematic representation
of a clad UC2 - graphite dispersion fuel. The model shown in Figure 1 will be used to analyze
the various mechanisms of fission product release from fueled graphite. The basic mechanisms
of fission product release involve fission fragment escape by recoil and solid state diffusion.
Solid state diffusion can be further subdivided by considering diffusion within graphite grains
or within the cladding as contrasted with diffusion within the pores between individual graphite
grains. As shown in Figure 1, the typical paths for release of fission products involve various
combinations of recoil and diffusion mechanisms. In the case of fueled graphite where the
UC2 particles are relatively small (the order of 5 microns or less) the major faction of the

fission product atoms recoil from the fuel particles (estimated at about 80%) and come to

rest within the graphite lattice or in the pores. For this reason, processes 1 and 2 in Figure 1
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are probably the most li’kely paths for fission product release in fueled graphite. One
further point to consider relative to the diffusion paths in Figure 1 is the possibility of
rate limiting surface or interface reactions which may control fission product release.

Some additional factors which must be considered in the analysis of fission
product release from fueled graphite include open and closed porosity, cracks within the
fuel-bearing or matrix phases, vaporization and corrosion of the fuel, and chemical inter-
actions between fission products ond the matrix and cladding phases. These considerations
indicate that it is exceedingly difficult to obtain quantitative correlations between experi-
mental variables and the basic mechanisms of fission product release. However, in experiments
with carefully controlled variables, it should be possible to identi.y which of the many factors

considered are contributing significantly to the releasz of fission products.

3.0 REVIEW OF LITERATURE

As indicated in Figure 1, the problem of fission product release from fueled
graphite can be considered in terms of the various individual processes which make up the
total release. In this case, we would then be interested in the diffusion of fission products
in UC2, graphite, in the pores between graphite crystals, and in cladding materials such as
NbC er pyrolytic carbon. Unfortunately there is little or no information available on these
specific subjects. Most of the available information on fission product release from fueled
graphite was obtained on material of widely varying quality, density, composition, and
fabrication techniques. For these reasons, it is not surprising that the fission product release
data vary over o large range. In most cases, the reasons for the variations in behavior cannot

be identified.
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The bibliography acquired in the review of the literature covers three
principal areas of siudy. They are as follows:
1) Results of fission product release studies by Los Alamos Scientific
Laboratory (LASL) on several forms of KIWI fuel material.
2) Studies of fission product release from fueled graphite carried out in
laboratories where the principal interest was in use of the fuel in a

high temperature, gas-cooled {central =station) power reactor.

3) Fission product release on related materials such as UC, UC2, and U02.

The following review of the literature will proceed in the same order as the list of topics
given above. The primary emphasis will be on the results obtained at LASL since these
studies were carried out on material which was identical to or closely related to the KIWI
B-4 material.
3.1 LASL Data

Table 1 summarizes some of the significant factors which describe the type
of fueled graphite used in each of the LASL experiments. These factors include the sample
dimensions, the fuel loading, and type of specimen tested; i.e., admixture or solution
impregnated. Admixture refers to a fuel made from a mixture of fuel and matrix particles
(this is the type of material which has been used in the KIWI reactors) whereas solution
impregnated refers to graphite which has been impregnated with a uranium containing
solution such as uranyl nitrate, The LASL radiochemical data is given in terms of the Mo99

concentration which is assumed to be completely retained within the fuel material inde-

pendent of temperature history.
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TABLE 1

SUMMARY OF CONDITIONS FOR FUELED GRAPHITE FISSION PRODUCT RETENTION STUDIES AT LASL

CONDITIONS FOR LASL EXPERIMENTS

across flats) 0.10-

Variables 1958-1* 1960-1 1960-2 1961 -1 1961-2
Sample dimensions D =0.240 inch KIWI-A PRIME D =0.230 inch D= 0.230 inch KiW|-B-4 element ~
L=1.00 inch D=0.75inch L=0.375inch L=0.375inch 19 hole hex (3/4 inch
L = 9inches
4 holes; 0.180-

inch diameter

inch diameter holes
L =12 inches

Sample composition 150 mgU/cc  Not givenin 100 mgU/cc 97 mg U/cc Lined =200 mg U/cc

Type of specimen Admixture

tested

Heating atmosphere Helium

*

** The lining referred to is N

Numbers refer to referencegg

reference Unlined = 450 mg U/cc
Admixture Admixture and Admixture and Admixture

Solution Solution

Impregnated Impregnated
Flowing He Helium Flowing He Flowing He (p = 500 psi,

iven in bibliography.
. All the specimens, described in this reference,

Flow = 10 fbs/hr)

were coated with pyrolytic carbon.
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Several lexomples of the types of fission product release data available
from LASL are shown in Figures 2 through 5. On comparing the results shown in these
graphs, it is important to note the conditions given in Table 1 which define the fuel type,
dimensions and sample loading. For example, Figure 6 shows a comparison of data presented
in Reference 1958-1* and 1961-1 for material of somewhat different loading. The differences
in the two sets of results may be due to the variation in fuel loading or may indicate the
inherent scatter of the data which may be expected in this type of experimentation.

Table 2 gives two examples of the effect of fuel type on fission product
retention. For the case of the samples heated for 10 minutes at 1925°C, retention is always
greater for the admixture sample as compared to the solution impregnated sample. However,
after 65 minutes at 1950°C, Sr, Ag, Cs, Nd, and Eu are retained to a greater extent in the
solution impregnated fuel. These results indicate little, if any, difference in fission product
retention of admixture and solution impregnated fuel material.

Since the current designs of the KIW| B-4 element require a NbC cladding
on the inside surfaces of the fuel element holes and a pyrolytic carbon coating on the external
surfaces of the element, considerable attention has been given to the effects of coatings on
fission product velease. Examples of these results are shown in Table 3 and Figures 7, 8, and
9. The results shown in Table 3, obtained on KIWI A-Prime fuel elements heated for 5

minutes at 2150°C, reveal that the highly retained fission products such as Y9] and CsM4

were not noticeably affected by the coating. The highly diffusable species such as Cd]55

and Ag] 1 on the other hand were much more strongly retained in the coated element.

Figure 7 shows this same behavior. In addition, Figure 7 shows the effect of the pyrolytic

* Refers to references given in bibliography.

MNHAI.A .
RESTRICTED-DAS

. .Il__:- P T19;4 7

B Jpee



CONFDENTRAL
RE'JI Ri\a :: — DA TA Asrra'nuclear
bl el a

2z
=]
-
z
i
-
&
0

b N
z
] -
o
« |
[
a L.

- -

= "
| l ] I | [ | 1
1200 1400 1600 1800 2000 2200 2400 2600
TEMPERATURE (°C)
Figure 2 547009

ALILIRIA § T - I . .

("‘,.. “,-g.-“.l_nl-— Fission Preduct Retention After Heating 30 Sec-

WA onds At the Indicaied Temperatures (Reference

.(.' e, m -—": ‘_'-‘ . ‘ i958-1)

s



ORI~ S

etz ws wm A

RESTRICIED-DATA ) ——

100

L B | 1 | i ! | -
\M a |
100 |
— -
n e ]
n sb i
2 - o \ELT’ -
Q
= ~ ~
=
b e
E '.o = LJ —]
3 E Br j
_.1
e ]
a F -
i
ol |- R ~
» 7
- -4
s ~ N
‘ LL_. 1
1 ]
A -
Sr
2 0.0l L l I J | I L
; 100 200 300 400 500 600
% (IME (SECONDS)
Figure 3 547008

Fission Product Retention After Heating at a Tem~

REWTA perature of 2400°C for the Indicated Times

: { (Reference 1958-1) 9
w.‘m&w




[N B
FTRICIEY um 0.

@A stronuclear

A LS EL R ETE -~ 54

100

[ 4
PER CENT RETENTION
o

ot

0 O}

. Q { I .
. B -
- 0 '1\ -
= :
N ]
- \ _

“ !
L [ -

"N
Ba
[ \ g -
- Tsr ]
i | ] | | } |

10

20

30 40 50 60 70 80 90 100

TIME (MINUTES)

Figure 4 547007

Fission Product Retention After Heating at 1925°C
m For the Indicated Times (Reference 1961-1)

T L S A . Rt SE IR, S R

endiOmicbnongycheh P 10




Poa

L et rye e

Cehﬂm:w A - .

™~ awma 'Z]
l\m TLi WM. stronuclear

100

L i i

I

[

i
|

@
<
o \
-
5 1.0 — ]
- [ ]
w - -
@ [ 4
- - —
4
W I~ —
o
« = -
&
8o
ol
o0 | | 1 i i | L
100 200 300 400 500 600

TIME (SECONDS)

c Figure 5 547006

RE% Fission Product Retention After Heating at 2400°C
. !A For the Indicated Times (Reference 1961- )
*'nn., . -:-.:.:._A-L—M.L‘ ]]




CAAITI « EAITIA ]

A B LEL & 1B NENE:a.

RESTRICIEY o ~TA GgngWMWCMBr
AL s e

100
90
80

70
60
50

40

i {1

Na'¥T(b)
30

20

S v O ~NOWO
|
-
|

!
|
I

Te'32(b) B

Te'%2(a) -

w
]

REFERENCES
a = 1958-1

\ b = 19611

PER CENT RETENTION

I
|

[
|

D v oNCWO
T

NBa'*0(b)

| ! | | L | i |
0 100 200 300 400 500 600 700

TIME AT TEMPERATURE (SECONDS)

Figure 6 547004
cm Fission Product Retention in Fueled Graphite
RESW Heated at 2400°C for the Given Times. (Refer-~

ences 1958-1 and 1951-1)

12




wisnn IWwEINITRE

Asrmnuclear

Atomith Rkl bt
100
A Bu|40
B Ba!40 :
- 190 =
= cs!36,137
i - Sr 89 ]
r -
8 ¢ 89 N
{0
s 7]
2 0 h
o _ .
'—-
z
Lt —
bt |
w
o
- — -—
z
(17
(&)
@
wl
a
10 _ \ ]
B Cs!36,137
B LEGEND"
——()e—  NO COATING ON FUEL
— -~ = 000!-INCH PYROLYTIC ~
CARBON COATING ON FUEL
@  0005-INCH PYROLYTIC
CARBON COATING ON FUEL
0l i i |
1000 00 1200 1300 1400 1500 1600
TEMPERATURE (°C)
Figue7 547002
AL\ L The Effect of a Py-olytic Carbon Coating on Fis-
T e e wv v sionr P-oduct Retention in a Sclution ~ impregnated
R 3> TRTCTFD A Fuel Specimen (Refe-ence 1961-1) The Fuel Was
Atomiced WV Heated fo- 120 Minutes ar Temperature. 13
o N,
hinehital ot sy e SRR i

J Tt




 ——

CONFIDENTIALE-

S e . e

KediIKILicu o ATA

®Asrronuclear

100 T T T T T T
90 e
80 - -4
[ -
LA S T 7 Aee — 05 MIN.WITH
. NbC LINING -
e0}b———4———— T . e ———— - _d;, | -
S~-05 MIN. WITHOUT |
i NbC LINING
50 — — —
~5 MIN WITH NbC  LINING
> 40 }—- i v
=
5 N
w - \( \ p—
'-
w
[ 4
e
P - - o
30 |— e + —t-
§ IQ‘M
x S MIN. - WITHOUT 5 MIN. WITHOUT NbC LINING
Y - PYROLYTIC CARBON .
COATING AND NbC
LINING
(REFERENCE 1958-1)
20 - -
10 | | 1 1 | i
2500 2600 2700 2800 2900 3000 3100 3200
TEMPERATURE (°C}
Figure 8 547000
Fission Product Retention for KIW1 B-4 Fuel for
m: LA . . .
AITLA | 0.5 and 5 Minute Heating Times (Reference
R 3 ‘MA 1961-2) (All Exterior Surfaces Coated with
- lvti
Atomi. = --—-- Pyrolytic Carbon Except Where Noted). 14
T o artas

-,
AN Tt ORI, sont e e g 3,

TR L e a b e e

kal -

s,



mrreraped

ek

CONFIDENTAL *

REGL N SNEE=ET'T A

A stronuclear

100

90

80

70

60

50

!

H-=—1—2800°C WITH NBC LINING —

4
L ° NN N _—2600°C WITHOUT PYROLYTIC
z . \\9< CARBON COATING AND NbC LINING
- 2 [ 3000% Wit (REFERENCE  1958-1) g
. 2z NbC LINING '\
- (7] ‘
w - -
i -
’ — 3000°C WITHOUT NbC 2800°C WITHOUT ¥
l E’ LINING NbC LINING
20
{
SN
To) 1 | I | I I |
. o + 2 3 4 S5 6 7T 8 9 10 U 12 13 14 15
TIME (MINUTES)
2.
=~ Figure 9 547001
N mt Fission Product Retention for KIW1 B-4 Fuel (Ref-

erence 1961-2) (All Exterior Surfaces Coated
With Pyrolytic Carbon Except Where Noted).

15




(VL

CONTIDENTHAL

RESTRICTED-BATA - B—
Atomic Energy 4

TABLE 2

RETENTION OF FISSION PRODUCTS IN ADMIXTURE AND SOLUTION IMPREGNATED
FUEL SAMPLES HEATED FOR 10 AND 65 MINUTES AT 1925 - 1950°C

A. 10 Minutes at 1925° + 15°C (1960 - 2)

GROSS RETENTION OF FISSION PRODUCTS

Matrix

Type Sr89 C d] 15 Sn 125 Te] 32
Soln. Imp. 0.0034 0.0021 ~ 0.024 0.17
Soln. Imp. 0.0032 0.0023 = -———-- 0.18
Admix. 0.026 0.0034 ~0.19 0.55
Admix. 0.030 0.0038 = —=--- 0.57

Matrix
Type C5136,137 Bo140 Ce]44 Eu 156
Soln. Imp. ~0.01 0.31 0.97 0.0034
Soln. Imp. ~0.01 0.23 0.96 6.0057
Admix. 0.096 0.56 0.99 0.052
Admix. ~0.086 0.54 1.00 0.060
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B. 65 Minutes at 1950°C  (1961-1)

% RETAINED

A stronuclear

Fission Solution
Product Impregnated Admixture
587 0.06 0.04
y7! 88.4 94.8
ag'! 0.15 0.04
ca'> 0.01 c.08
Sn1 20 0.06 0.79
sb1?7 0.25 2.2
Te'32 9.0 21.0
Cs 136,137 0.3 0.1
Ba140 0.2 2.0
ce!¥ 69.8 91.9
Na'4 347 27.9
Eo 12 0.88 0.12
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TABLE 3

RETENTION OF FISSION PRODUCTS IN COATED AND UNCOATED KIWI-A PRIME
FUEL ELEMENTS HEATED AT 2150°C FOR 5 MINUTES PLUS 1 MINUTE WARMUP

(196 - 1)

Fion % Retained*

Product Uncoated Coated**
5o’ 12.6 32.5
v 92.4 93.3
Ag'V 0.03 14.0
cd'd 0.03 5.5
§n 123 52.0 95.0
sb1%7 50.2 70.0
Te!32 62.4 69.0
cs 136 31.8 84.0
'Y 32.2 85.0
Ba' 40 64.1 64.1
ce'¥ 92.7 90.6
Sm 173 56.0 54.1
Ey1% 22.0 40.1

* Based on 100% Retention of Mo99

** NbC Coating on Hole Surfaces
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coating thickness on figsion product retention. For all the elements examined, the thicker
coating appeared to give a significant increase in fission product retention.

Figures 8 and 9 show the gioss retention of gamma-emitting fission products
in uncoated and coated KIWI B-4 samples. The data indicates that the effect of the NbC
lining on fission product retention decreases as the temperature increases. In particular,
the results shown in Figures 8 and 9 give an indication of the fission product release which
might be expected during a decay heat cycle. The results indicate that approximately 70
per cent of the gamma-emitting fission products would be released during a 5-minute decay
heat cycle at 3200°C.

The data given in Figures 8 and 9 are not directly comparable to that given
previously since there are a variety of elements contributing to the measured activity. The
initial rapid decrease in activity is probably due to the loss of the more volatile high yield
fission products species (1961-2). The transition elements Zr, Nb, Mo, and Te¢, and the
triad elements, Ru, Rh, and Pd are presumably responsible for the decreasirg loss rate as the
retention goes below 30 per cent. One may expect that the rate of loss will continue to
decrease with time and that increased temperature will be necessary to produce further
significant reduction in activity in a reasonable period of time. It may be noted that the
purpose of the decay heat cycle would be to give rise to considerable greater fission product
release (95% or greater) than is obtainable with the hecting times and temperatures used
in the present study.

3.2 Data From Other Sources

In general, the fission product release data obtained by groups considering

the use of fueled graphite in central station gas-cooled reactors were obtained at temperatures
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considerably below thaf_ of interest to the nuclear rocket program. For this reason, much
of the data given by the references do not contain data pertinent tc the present discussion.
However, there are some specific and general pieces of information which will be presented.
Figure 10 shows the fission product retention in solution impregnated fuel
material containing approximately 200 milligrams of uranium per cubic centimeter. A
comparison of Figures 4 and 10 shows that the fission product retention for both solution
impregnated and admixture fuel are in relatively good agreement. This result is consistent
with the data presented in Table 2,
One of the most useful ways of analyzing fission product release data is
to determine a diffusion coefficient for a given element in fueled graphite. The resuits
of several determinations of diffusion coefficients are shown in Figures 11 and 12, The
calculated values of the diffusion coefficients given in Figure 11 as reported by Oak
Ridge (1959-3) are based on the experimental data obtained in the early fission product
release studies at North American Aviation Laboratory (1951-1, 1952-1, 1953-1, 2, and 3)
and LASL (1958-1).* Figure 12 shows some relatively recent work from Great Britain
(1961-7) which gives a comparison of the diffusion rates for fission products within the
graphite grains and along the pores of the graphite. The pore diffusion process could
not be described by either molecular or viscus flow. The results indicate that the rate
controlling process in pore diffusion is an activated surface migration on the pore walls

of the graphite.

* At this time there is some question as to the validity of the equations used in the
calculation of the diffusion coefficients. This point will be checked in further analysis
of the data.
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The British studies (1961-7) also illustrate an interesting effect of oxygen
on the rate of fission product release. It was found that the amounts of Sr and Ba released
from the samples in the fission product release experiments were not as great as would be
expected from the diffusion constants obtained from analysis of the concentration profiles
within the samples. This result was attributed to the fact that the Sr and Ba oxides are
thermodynamically stable ~t the experimental temperatures and react with graghite to give
oniy a low partial pressure of the metal vapors. Thus the actual fission product release rate
was controlled by the decomposition of the fission product oxide.

tn all the studies reperted on fission product release, there was only one

mention made of a somple size effect on fission product release (1953-1). The release

rates for Ba (and possibly Pr) were significantly affecied by geometry as indicated by the
data given in Table 4. The exp'+nation for the size dependence of fission product release

is not kncwn. It is anticipared that it is related to some aspect of pore diffusion rather
than diffusion within graphite crystals.

3.3 _F_i_ssion Product Release froi: Related Materials

The most complete studies of fission product release from nuclear fuel ma-
terial have baen carried out on UOZ' The results of these studies have been reviewed
recently by Lustman (1961-9). The work on UO2 indicates the ~omplexity of the problem

of fission product release and points out the magnitude of effort required to obtain an under-

. standing of the problem. One further point, it was suggested by Long {1960-5) that approximate

value for the diffusion rates of fission producis in solid uranium oxide may be obtained by
using the known values for diffusion in UOZ'
Fission product release studies have been carried out on a solid solution of UC

in ZrC (1959-1). Results of experiments carried out at 2400°C are shown in Table 5,
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TABLE 4

DIFFUSION OF SOME FISSION PRODUCT ELEMENTS UNDER VARYING CONDITIONS
ACCESSIBILITY TO SPECIMEN SURFACE* (1953-1)

Percentage of Element Remoiging in
Sample after 3 Hours at 1700 C

Description of

Diffusing System lodine Barium Strontium
Top disc in

stack of three 36 24 0.32
Middle disc in

stack 35 44 0.44
Bottom disc in

stack resting on

unfueled graphite 40 30 0.75

Two discs balanced 39 0.8 0.25
on edge

* Samples were impregnated graphite discs 0.62 - inch diameter and 0.1 - inch thick.
Fission product release studies were made on the sample in various positions as indicated

in the table.
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TABLE 5

COMPARISON OF FISSION PRODUCT RELEASE FOR FUELED GRAPHITE (ADMIXTURE
TYPE) AND A UC-ZiC SOLID SOLUTION AT 2400°C

Per Cent Retention of Fission Product

Admixture
Fueled Graphite* UC-zZ(C**

Isotope (4 min. at 2400°C) (3 hrs. at 2400°C)
s 6

i —— 51

Ry 03 70 100
Rh'0° 92 52
KW ]

o L 15

5n 120 0.1 7
sp127 6.2 8.4
131 1.4 19
Te'32 3.4 8

Cs 136137 0.26 65
g0 .
ce'* 27 "

Na' 19 30
Eu'>° 74 33

* (1960 - 2)

** Fyel Contains 20 Mole Per cent Uc (1959 -1).
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along with results obtai_ned on fueled grophite. It should be noted that the results obtained
on the UC-ZrC (20 mole per cent UC) solid solution were obtained after 3 hours whereas
the fission product release data for the admixture fuel were obtained after 4 minutes. It
can be seen that fission product release from the solid solution is several orders of magnitude
less than that from fueled graphite. The estimated diffusion rates of fission prcducts from the
UC-ZrC solid solution range from 10-4 to 10-6 centimeters square per second at 2400°C.
Several interesting results concerning the diffusion of fission products from
coated particles dispersed in graphite had been obtained from studies related to the high
temperature gas cooled reactor program (1960-3, 4, 6 and 1961-3, 3, 6} One of the fuels
considered for this program consists of either UC 2 OF ThCz-‘JC2 particles coated with
pyrolytic carbon dispersed in graphite. Results of relecse of Xe and Ba from the particles
alone are shown in Figures 13 and 14. Figure 13 illustrates the xenon retention in coated
and uncoated UC2 particles. The results clearly indicate the significant effect of a 70
micron coating of pyrolytic carbon cn fission product retention. The results shown in
Figure 14 were obtained on a UC 2—g.rophite compact where the UC2 conceriration was
approximately 30 per cent. The effect of the 35 micron pyrolytic carbon coating on

fission product retention is clearly indicated.

4.0 DISCUSSION OF FISSION PRODUCT RELEASE DATA

The survey of the literature on fission product release from fueled graphite
clearly indicates the deficiencies of the experimental data with respect to the particular
needs of the NERVA program. The value of the available data may be described as follows:

1) There is sufficient data available to permit rough estimates of the

magnitude of fission product release for relatively short time operation
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of t-he nuclear rocket and past-operation heating of core material.
2) The available results can be put in an analytical form to permit use
in analysis of fission product release under such conditions as re-entry
heating and decay heat cycle.
The studies to date, however, have not treated fission product release ¢s a function of
suck factors as fabrication variables, composition, coating variables, temperature history
and atmosphere effects. The work conducted to date forms an excellent point of departure
for future experiments, which are required to meet the ultimate needs cf the NERVA program.
Consideration of the specific data needed for the safety and hazards
analysis of the nuclear rocket leads to the selection of the following goals for future
fission product release experiments.
1) Study of fission product release during various decay heat cycles
as a function of:
a. Prior operating temperature and buraup of the fuel material
b. Number of operating cycles of the fuel material prior to
the decay heat cycle
c. Time and temperature of the decay heat cycle
d. Atmosphere present during decay heat cycle (vacuum,
hydrogen, helium and possibly oxygen)
2) Study of fission product release during re-entry heating. This would
involve:
a. Setting up an analytical model for fission product release

b. Combined analysis of re-entry heating and fission product
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c. Fission product release experiments on fragmented fuel
material

d. Possible ablation studies on irradiated fuel material to

determine fission product release.

5.0 RECOMMENDATIONS FOR FISSION PRODUCT RELEASE EXPERIMENTS

An experimental program will be described which can provide the kind
of fission product release data eventually required for the safety and hazards analysis
of the NERVA program. These experiments involve irradiation of encapsulated sections
of NERVA fuel material at the temperatures and burnups desired. Experiments can be
carried out on short lengths of fuel material, such as KIWl B-4 samples of various geometric
sections, which would be suitable for yielding quantitative information on fission product
release. Samples would be irradiated for times and temperatures corresponding to NERVA
conditions. The irradiated fuel material would then be subjected to the following series
of experiments:
1) Post-irradiation examination of the fuel and determination of fission
product release.
2) Post-irradiation heating experiments to determine fission product
release during various heating cycles.
3) Re-irradiation of the irradiated material at NERVA conditions by
re-inserting the fuel into a reactor.
4) Re-irradiation of the irradiated fue! material at higher temperatures

to approximate a decay heat cycle,
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The experimental approach described above can be accomplished by
irradiating fuel sections in a reactor hydraulic rabbit facility. The period of irradiation
can be controlled from about 15 seconds up to several weeks. The temperature of the fuel
during irradiation could vary from approximately operating temperature to the sublimation
temperature (3350°C) or higher. The flux in several of the currently operating test
reactors is such that a 5-minute NERVA irradiation can be azcomplished in a period
of somewhat less than 10 minutes. The difference in irradiation time is not considered to
be significant. These experiments would permit:

1) A close mock-up of a decay heat cycle.

2) lmradiation of fuel material at NERVA operating temperatures.

3) Studies of the physical behavior of fuei material during irradiation

at very high temperatures (> 3000°C). These experiments would
permit an examination of the structural lifetime or disintegration
(by vaporization or other means) of fueled graphite. This study
would provide useful information to other NERVA studies such as
the definition of a maximum credible incident and fuel behavior
during a nuclear transient destruct.

4) Variation of the atmosphere within the capsule.

5) Wide variation in specimen gecmetry. Experiments can be carried

out on sections of KIWI B-4 material or on fragments of fuel material
such as might be formed by a nuclear transient or explosive destruct

system,
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6) A large number of studies to be made in a short period of time at

relatively low cost.
A schematic diagram of an irradiation capsule which would permit variation
of the fuel temperature up to the sublimation temperature or higher is shown in Figure 15.
The fuel material would be surrounded by either graphite or NbC. An alternate fuel
configuration is shown in Figure 15 which would also permit studies of the diffusion of
fission products in graphite, pyrolytic carbon, or NbC. An irradiation capsule of similar

design is currently being used for high temperature (up to 3500°C) irradiation experiments

on carbide fuel material.
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